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I. MANUSCRIPTS AND EXTENDED REPORTST

. /
Exploring the Relations between Reading and Spee4h*

Donald Shankweiler
+

and Isabelle Y. Liberman

1-

ABSTRACT

of r

e

Acknowledgment of the priority of the spoken language and the de-
rivative nature of the writing system.is An essential starting point
for an investigation of reading acquisition in children. The rela-
tions between the language and the writing system are manifold and
complex so that spoken sounds and alphabetic ,characters cannot be re-
lated in a one -to -one fashion. There is reason to believe that the
phonetic level of representation plays'an especially significant role
in the acquisition of reading'in the young child. We considered that
a primary function of a phonetic representation isto yield an ade-

$ quate span in working memory to permit linguistic interpretation of
the temporally arrayed segments of the message. Results of our stud-
ies of short -ternf memory in good and poctr readers suggested that the .

poo'r reader is deficient in formiu,a phonetic representation from
speech as well as from script. In,order to learn to read an alpha-
betically written language, the child must have, in addition to a
Phonetically organized short-term memory, the ability to make explic-
it the phonemic segmentation of his own speech. The findings indi-
cate that.in contrast to the tacit appreciation of phonemic differ-

.

ences in ordinary language use, explicit knowledge of the phonemic
level is difficult to attain. Many 'children lack phonemic awareness
when they start to learh to read and this may be a cause of reading
failure. .

To be published inNeuropsychology of Learning Disorders: T1eoretical
Approaches, ed. by R. M.. Knights and D. K. Bakker. (Baltimore: University

Park Press).

Also Urliversity of Connecticut, Storrs.

Acknowledgment: This work reflects the joint efforts of several individu'als.
The data were obtained by F. W. Fischer, C. Fowler, L. Mark, and M. Zifcak,
who also assumed responsibility for their tabulation and statistical analysis.
We are alsO indebted to A. M. Liberman, who suggested the hypothesis concern-
ing the functiona of the phonetic representation. Full details of the experi=
ments on phonetic coding in recall will be presented in a paper in preparation.
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Given so little agreement onjlowAest to teach children to read, it is Per-
'haps'. not surprising to find divergent conceptions of the nature of reading it-
self. Among these, we find twocontrasting positions concerning the relation-
ships between_ reading and speech. On the one hand, some writers (e.g., Goodman,
`1968; Smith, 1973) have- tended tignore the relationship, chooSing'instead to
emphasize the relative autonomy.of reading and writing. The-ft-Counsel is, in
effect, to forget about speeCh when teaching reading. rA major target of theirs
criticism hag'been the so-called phonic approach to reading instruction, which
stresses the 'letter-to-sound mappings'while failing to appreciate that we cannot
read simply.by Concatenating individual letter sounds. On the other hand, we
and a few other investigators (Huey, 1908; Mattingly., 1972; Shankveiler and
Liberman, 1972; Rozin and Gleitman, in press) have emphasized the importance of
the derivative nature of reTidng and writing and the intimate connection between
speech and the alphabet. _In defending this aspect of the study of reading, '
however, we givd. due weight tahe complexity of,the relationship. We believd'
that many of tfie criticisms that have been raised would app y only to a very
kimplistic view -of how spoken sounds and alphabetic charac rs are related.

Central to theiOnderstanding of how reading is acquired, in our view, is,,
the question of how reading builds on the speech processes of the'Child. We
know, of course, that spokes, language is historically prior to reading and writ-
ing in the 4evelopment of the race, ontogenetically prior in the We of the
individual, and logically prior to the relatiodof written symbols to their
speech referents. Further evidence of the derivative ,status of writing and
reading and the practical importance of the priority of speech is readily at
hand. Consider the contrasting situations of the congenitally blind and the
congenitally deaf. The blind acqu a spoken language, normally; the profoundly
'deaf, even under the most favora e onditions,, are so effectively isolated from
language that they show severe def cLencies in every aspect of language develop-
merit (FUrtli, 19f6). Since the blind child learns to read by means of the sub- '

stitute sense ot touch, we may ask why the deaf child cannot'effectively exylotak
his intact vistial channel for reading. Prety ably he cannot do so because deaf-
ness blocks the development'of a foundation i primary language so necessary as
a basis for le rning to:read. If reading we e,i as some have argued, an alterna-
tive and coeq al language reception system, hen it would be hhrd to explain why
the deaf coup not learn language by eye as eadily as the hearing learn it by
ear. Our int refit, of course, is to enders and, the acquisition of reading in
children wit intact sensory capacities. W make reference to reading in the
blind sand the deaf onlyto emphasize how c]7 sely reading is tied tospeech.

..-

' If reading and speech are so closely inked, we would.expect them to share
much of the same neural machinery. As Ha wes (1968) has pointed out, it is un-
parsimoniou to imagine a'completely parallel language understanding system
('for rtadin ):that borrowed nothing from the primary speech ,system. Rather than
Developing a separate devicd for reading, it would be more parsimonious to ex-
pect that he' would4be reader modifies the speech perdeption system to accept. .

optical in ormation. We assume that thd speech system works by mapping t e
acoustic signal into progresiively more abstract representations, and we a ume .

that the .eading'device must tie in with that system at Some,level: How much
visual processing must be.'\done before/script can be represented in the common
language .rocessing system (as though/the input had been ppeech/rather than it
script)? To put the quest on another way, what is the level oT representation
at which script is recoded.

* '
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Certain facts about the siriting system must constrain how we conceive of the

reading process. Ali writing systems make contact at-some point with the sppken

.language. Some, like Chinese and Japanese logographs, tie in at the level of

-words, others at the level of the syllable. Some--the lphabetslink their
primary symblols to distinctive,aspects'of the sound-structure of the langqage.
In the case of English, there is good reason to believe thatscript makes con-
tact with the primaryolanguage system atImore than one level. At times, slid.-

.larity-O-Cgpelling may denote not similarity of sound, but similarities of ori-
gln and root meaning, as.in such word pairs as sign and signals Such cases'are

not uncommon. Moreover:the assignment of graMmatical class is sometimes pre-
liminary to determining the correct phonetic form. To use an example of Rozin

and Gleitman (in press), the-written word contract is ambiguous until we know
whether it functiond.as a noun or as a verb. The correct phonetic representa-

tion of such ambiguous words cannot be fully attained without reference to more
molar representations., These observations obviously constrain air choices when

we attempt to model the perceptual sYstem in reading. Thus, we do not assume'

that the reader is tied to a rigid hierarchy of successive processing stages.
Rather, we suppose that the transformation of script into speech occurs at 'a

number of levels concurrently and in. parallel. -

.

To reca pitulate, the' fundamental task of the b inning reader is to con-

struct a link between speech and the arbitrary sign of script. Although the

alphabet is roughly a cipher on the phonemes of site ch, this does not imply that

learning to read is merely a matter of acquiring 1 ter-to-sound correspondence.

English spelling does net fully reflect the phones c facts of the language, and
at times seems deliberately to ignore them in ord r to convey other kinds of
information-helpful o the easy comprehension of hat is read. We assume that

the experienced read r learns to detect and to exploit sucli multileveled repre-
.sentation,.though the complexity of the orthography is surely an added source

of difficulty for the beginning reader.

FUNCTIONS OF THE PHONETIC REPRESENTATION ,

Although English spelling is not a faithful phonetic transcription, there
is reason to suppose that the phonetic level of representation plays an espe-
cially significant role in the acquiSition of reading in the young child. Even

in English the alphabet is largely keyed to the sound structure. Hence, new

words can be given at least an approximate pronunciation on first encounter if

_ the reader understands how the alphabet works. Obviously, the reader must re-

code phonetically if heis to obtain the phonetic realization ore new word. '

But what does he,do With words and phrases he has read many times? Does he in

these cases construct a phonetic representation,.or, does She, as some believe,

bypass the phonetic level and g& directly from visual.shape to meaning?
,

It seems likely that phonetic recoding might occur even with frequently
read materials, and that its persistence in older, more experienced readers is
not to be regarded merely-as a habit that has ceased to be functional. The

epssibility we are proposing is that the reader needs a phonetic base on which

.
to extract the message from its encipherment in script; that is, the normal
primary language processes of storing, indexing, and retrieving from the diction-

ary in our heads are carried Out by means of a phonetic code. Moreover; in

addition to the possibility that the dictionary may be indexed phonetically,
consider what cues we use to decode the syntax of the message. Here we are

aided by the rise arrd fall of the speech melody and its pattern of rhythms and



stresses., These are not given directly An script, and it may require the media-
tion of an internal phonetic representation to 4nab the reader to construct
those ptosodic features So necessary to comprehe on (Liberman, Shankweiler,
Liberman, Fowler, anaFischer, in press).

Since the perceiver cannot process each message unit fully at thee time of
its arrival, we may be sure that short-term memory is one'of the primary lin-
guistic processes bssential to comprehension of both written and spoken language.
The perceiver, whether functioning as reader or hearer, must hold a sufficient
number of shorter segments (words) in memory in order to apprehend the longer
segments (sentences). Obviously, if he had a span of only two words, the per-
ceiver's compiehension of connected 'discourse would be extremely limited. But
does the reader form a Aifferent kind of memory representation than the hear9r?
Although we do not rule out the possibility that, read words can be held tempor-
arily in some visual forM, we have indicated reasOns above for supposing that
the reader typically engages in recoding froth script to some.phonetic form.
[See Liberman, Mattingly, and Turvey 1972) fo'r a fuller exploration of the sug-
gestion that the phonetic representation is uniquely suited to the short-term
storage requirements of language.]

Apart from these speculations, there is much relevant experimental evidence
for phonetic recoding. In many investigations it has been found that when lists
of letters or alphabetically written words are presented orthographically to be
read and remembered, the confusions in short-term .memory are based on phonetic
rather than visual similarity (Sperling, 1963; Conrad, 1964, 197tBaddeley,
1966, 1968, 1970; Hintzman, 1967; Kintsch and Buschke, 1969). Fr these find-
ings, it has been inferred that the stimulus items had been stored in phonetic

r form rather than in visual form. .Conrad (1972), has emphasized that the tendency
to recode_visually4resented pems into phonetic form is so strong that subjects
do this even in,experimental situations in which to do so'penalizes recall.

There is evidence from a similar Icind
f

of experiment"(Erickson, Mattingly,
and Turvey 1973) that phonetic recodiftg occurs even when the linguistic stimuli

' are not presented in an alphabetic form that represents the phonetic'structure,
,but in a fbrm (the.J4anese kanji characters) that represents the semantic mes-
sage more directly. Moreover, under,some circumstances, even nonlinguistic
stimuli may be recoded into phonetit form .and stored in that form in short -term,
memory. In this connection, Conrad (1972) found, that in retell of pictures of
common objects, the confusions of children aged f ix and over were clearly based.
on the phonetic forms of the names of the objects rather than on their visual or
semantic characteristics.

To be sure, none of these experiments dealt with holly natural reading
4 situations, Sinceimost involved the reading of isolate 'words and syllables
rather than connected text. _They are nevertheless relevant to the assumption
that even the skilled reader might recode phOnetically in order to gain an ad-
vantage in shoit-term memory and- to, utilize the primaryllanguage processes he al-
ready has available to him. It remains to-be determined whether good and poor
readers among children, n the early states o5 reading acquisition are distin-
guished by greater lesser tendencies toward phonetic recoding.

1 1
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PHONETIC RECODING IN GOOD AND ,POOR BEGINNING READERS

In view of the short-term memory requirements of the reading task and evi-
dence for the involvement of phonetic coding in short-term memory, we might ex-
pect to find that those beginning. readers who are progressing well and those who
are doing poorly will be further distinguished by the degree to which they rely
on phonetic recodirig.

In exploring this possibility, we studied three groups of school children
nearing completion of the second yearof elementary school who differed in level
of reading,achievement as measured by the word recognition subtesj of the [aide
Range Athievemenf-Test'(Jastak,%ijou, and Jastak, 1965). The first group, the

superior readers, comprised 17 childreneading about two Years Above their
grade placement. ,The other two groups (whom we originally designated marginal
and poor readers') can be considered together as the "poor readers" since their
performances in these experiments were not significantly different from each
other. Together the poor readers included,29 children averaging.from'one-half
to a full year of reading retardation and roughly equated with the sii6etior
readers in Mean ageandv/Q.

)

-The experimental procedure was similar to one devised by Conrad'(1972) in
performance. which the subject's perfornce is compared on recall of phonetically confusable

(rhyming) and nonconfusable (nonrhyming) letters. Our expectation was that
phonetically similar items would maximize phonetic confusability and thus penal-
ize recall in subjects who use the phonetic code in short -term memory. Strings

of five uppercase letters were presented tachistoscopically in a simultaneous
3-seC exposure. Half were composed of rhyming consonants (drawn from the set
B C D.G P T V Z) and half were composed of nonrhyming consonants (drawn from the
setHKLQRSWY):

The test was given twice: first with immediate recd11:,' then with delayed

recall. In the first condition, recall was tested immediately after presenta-
tion by having subjects print as many letters as could be recalled in each let-
ter string, an the order giveri. To make the task maximally sdhitive to the're-
call strategy, we then imposed a 15-sec delay between tachistoscopic presents-.
tion and the response of writing down the string of letters. The children were
requested to sit quietly during the delay interval; no intervening task was
posed. We have reason to believe that the subjects peed this period for rehears-
al, since many were observed mouthing the sy,llabIessilently.

THe responses were scored in tligo way's, with and without regard to serial

position.' In the first scoring procedure, only those items listed in the cor-
rect serial positio'n were counted correct. The"second scoring procedure c dit-

edany items that occurred in the stimulus set regar'dless of the order in rich
they were written down. The pattern of results was remarkably similar, give
data derived from each method of scoring. Abili y to,recall in correct serial'
order is apparently not the major factor that d stinguishes good and poor read-
ers on this task._ /

As wastbe expected, the phonetic characteristics of the items influenced

the race of correct recall. This may be seen in Figure 1, which shows the re-

sults Sum d over "serial positions. The circles give the error rates for
strings of rhyming items (labeled "confusable"); the triangles give errors on

recall of the non ing Cnonconfusable") strings. In all groups, there were

5
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significantly more errors on recall of the confusable items. However, there

were notable differences in the effects of phonetic similarity on the recall of
children who differed in 'reading level. It is apparent from the figure that the

'main differences are between superior readers and the other groups.

The net effect of phonetic confusabiiity.on recall was much greater in the
superior-readers than in the others. It would be difficult to explain this re-

sult by assuming that the groups differ merely in general memory capacity. Supe-

4or readers were clearly better at recall on nonconfusable items than were the
. poor readers, while,, at the same time, failing to show a'clear advantage on the
confusable items. We regard this as an interesting result. It is a relatively

easy matter to demonstrate that poor readers do less well than good'readers on a
variety of language-dependent tasks. But here, by manipulation of the phonetic

characteristics of the items, we have virtually eliminated the advantage of the
superior readers.

As we said, recall was measured on half the trials immediately after pre-
sentation'nf the display, and on the other half after a 15-sec delay. Turning

,back to Figure 1, we see that delay magnified the penal effect of phonetic con-
fusability, but only in the superior readers. Figure 2 shows plots of the error

rates at each serialliosition. Viewing the results of the delay condition
.(shown in the lower Oftion), we see that the superior readers are sharply dis-
tinguished from the others in recall of nonconfusable items and nearly indis-,
tinguishable in their recall of confusable items. Why should. imposing a delay

between stimuiation and recall affect good and poor readers differently? Is it

simply the case that good readers try harder and rehearse the items more vigor-
ously? Although.we cannot be mire, we do not think that vigor or rate of re-
hearsal is a factor that chiefly distinguishes good and poor readers on this
task. Certainly we know that the poor readers were attempting to rehearse be-
cause they so ofte/ mouthed the items during the interval (Liberman et al., in

press).
o

We considered and reject other explanations of the pattern of results ob-

tained by good and poor're ers. (1) The difference between the groups cannot

easily be attributed t riefer memory span in the poor readers. Even if,it

were generally true at poor readers have briefer spans, the differential

effect of phonet similarity on recall performance by the two groups would

still require xpLanation. (2) To suppose that the poor readers suffer mainly

from a dif culty in eproducing the order of the items in the memory set en-

counter he same dif culty. Moreover, as we said, the pattern ofresults is

much e same when, the coring credited the correct items in each string re-
. g, less of serial posItton.

The interpretation we find most 'plausible,and interesting is that the re-
.sults reflect genuine differences between good an4 poor readers in their use of

a,p_honetic code. Of course we cannot argue that phonetic coding is entirely
absbt in the poor readers, since they'demonstrated significant effects of con-

fusability, thoUgh of lesser magnitude. A weak or defective phonetic represen-
tation in the poor readers could accounttfor the failure of rehearsal to be

effective.

Oar
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AN AUDITORY ANALOG AND ITS VISUAL COUNTERPART

In light of the foregoing results, it seemed reasonable.to suppoSe that ,t

poor readers may have a specific difficulty in constructing a phonetic represen-
tation from script. Before we could accept this hypothesis, however, we peeded
to find out what would happen when confusable and nOnconfusabld items weie pre-
sented by ear. Since phonetic coding is presumably: inescapable when speech
material arrives auditorily, presentation by ear should force the poor reader
into a phonetic mode of information processing. If an important component of
his difficulty is a deficiency in recoding visual symbolic material into.phonet-
ic form, then the phonetic similarity of auditorily presented rhyming items
should affect him as much (or as little) as it does the superior readers.
Quantitative differences in memory capacity between the two groups may still
show up in the general level of recall on the auditory presentation, but the
statistical interaction of reading leVel and phonetic confusability should be
diminished. If, on the other hand, the interaction remained, then'it would
follow that the difference between good and poor readers in regard to the use of
a phonetic representation is not specifically linked to the visual information
Channel.

Two new experiments were carried out on the same subjects in order to
clarify this importaht point. Since auditory presentation requires successive
input, a parallel experiment was designedswith visual serial presentation. Ex-

cept in minor details, the results are like those previously obtained for simul-
taneous presentation of the letters, and, to our surprise, the visual and audi-
tory experiments differed hardly at all in their results. The findings of each
experiment are displayed in Figure 3, which gives serial position curves for
recall of auditdrily presented and visually` presented items. As in the earlier
experiment, the, performances of the groups representing the extremes of reading
ability differed mainly on the phonetically dissimilar items. Once again,
phonetic similarity produced a greater impact on the superior' readers than on
the poor2ones. It made practically no difference to the results whethir the
items to be recalled were presented tq the eye or to the ear. Apparently, the
crux of the difficulty fOr the poor reader on these tasks cannot be pinpointed
as specifically .as we originally believed. Though poor readers may indeed ex-
perience difficulty in the transfotmation'of Visual features into phonetic ones,
the root problem is 'more general.

These new experiments lead us to expect that differences be d and
poor.readers will turn on their ability to determine and use a phon repre-
sentation and not merely'on their ability to recode from script. We suspect
that individual differences in the ayailabilitycOf phonetic recoding strategies
on iecall tasks may indicate.limits orttle reader's active awareness of those
aspects of language structure to which the alphabet is most directly keyed.
This is a possibility that we shELl wish to explore directly. We turns now to

those aspeqts of cognitive developNent that are most relevant to use of an
alphabet: - .

WHAT A CHILD NEEDS TO "KNOW" IN ORDER TO USE AN ALPHABET TO FULL ADVANTAGE .

' The preliterate child brings to, the task of learning to read considerable
competence in his 'spoken language. Our concern is to discover what additional
abilities he needs in order to become a reader. Bolinger (1968) places the prob-
lem of the learner and the teacher of reading in proper perspective:

9 '
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When a child who is already almost fully equipped with a language
comes tothe task of reading, anything that will help him transfer
what he already knows to what he is expected to write and read is -f

priceless (p. 177).

We have argued that an of icient short-term memory system is a requirement
for good comprehension of la age both by eye and by ear, and that this re-

quirement is most efficiently met y a phonetic representation. Reading, how-

ever, poses an additional require ent. The child must also have ready conscious
access to certain,aspects of the contents of that memory; he must have, in

Mattingly's (1972) phrase,,atde ee of "linguistic awareness." In order to

realize fully the advantages of/an alphabet, the user--child or adult--must know
quite explicitly.what speech segments are represented by the stringd of letters
(Liberman, 1973; Liberman et al., in press).

It is appropriate at this point to remind ourselves of the benefits that
alphabets confer. As we have said, a unique advantage is that each new word
does,notihave to he learned as if it were an ideographic character before it can

be read. That id, given a word that is already in his mental word store, the
reader can apprehend the word without specific instruction, though he has never
seen it befoie in print; or, given a word that he has never before seenor
heard, he can closely approximate its spoken form until its meaning can be in-
ferred from context or discovered later by asking someone about it. By func-

tioning, however roughly, as a surrogate for phonemes, the alphabet gives its
. users immediate access to all items in a vast word store by means of a highly

economical symbol set.

The savings may be , however, only by the user who knows how the alpha-

bet works. As in all co plex cognitive skills, alternative strategies are pos-
sible. The very diversity of...the orthographies_that have developed during the
course of evolution of writing is testimony to the flexibility of the perceptual

apparatus. It is possible to read words written by an alphabet as though they
were logograms. Many children undoubtedly,begin to read in this way. However,

the unique advantages .of the alphabet are closea to the child who cannot use it
analytically; though he may translate the logograms into phonetic representation,
this will not,help him to apprehend new words. In order to make the alphabet

work for him, the child has first to be able to make anexplicit analysis of the
segments\of spoken language. He has to bp able to analyze Speech into words,'
syllable4. and phonemes.. The last mentioned is of particular importance for
users .of an phabet, because the phonemd is the principal point at which. the

writing.sys m meshes with the speech system.,

When w speak of explicit,knowledge of the segments in the spoken message,

we wish to ke it very clear that somethingporS is involved, than the ordinary
competen required in language use. That is to say, a person may be a complete-

ly ade ate,speaker-hearer of his language without having the dimmest awareness

'1------11-641ediate recognition of these as different words, failing the ability to
that e spoken word bed contains three phoneme segments and end contains four.

indicate that /n/ is the unshared segment, is an example of what Pplanyi(1964)

has called "tacit knowledge." Such knowiedge is sufficient, or course, for,com-

prehension of the spoken message. Writing and reading, on the other hand., de-

mand an. additional analytic capability. Even before the advent of writing,

those who used speech poeticallysin songs and chant must have been able to count
syllables in order to form the meter, and been,aware of the phonemic level in

r-
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order.t. make ril,Yes. Some such explicit knowledge of-these properties of
speech 0..1)a precondition for understanding the alphabetic principle.

-2\

THE'DIFFiCULTIES'OF MAKING SPEECH SEGMENTS EXPLICIT

lsewhe e (Liberman, 1971, 1973; Liberman, Shankweiler, Fischer, and
Cart ) we have' considered why awareness of the phoneme might be rather
diff c to attain. (In brief, we referred to a fact about the acoustic struc-
tur f speech. "Consonants and vowels are not discretely present in the signal,
but are represented overlappingly in the syllable, a congtiOn that has been .

cal ed "eficodedness" (Liberman, Cooper, Shankweiler, and Studdert-Kennedy,
196 ): Asa consequence, the word dig, for example, has three phonefIC segments
bu' only one acoustic segment. Analyzing an utterance into syllables, on the
ot er hand, may present a different and easier problem. We expect this to be
s because itirmost cases each syllable has a distinctive peak in acoustic en-
er y. The cue of auditory amplitude is a crude one that.could not be used to,
lo ate exact syllable boundaries, but it can serve to indicate to the listener
ho many syllables there are in an utterance.

The merging of phoned in the sound stream complicates the process of dis-
cov ry of the phonemic level of speech for the wouldl.be reader. This is not to
say, of Course, that the young child has difficulty differentiating word pairs,
such as bad and bat, that differ in only one phoneme. There is evidence (Read,
.4.971 that children hear these differences quite as accurately as adults. The
probl is not, as many believe, to get the child to discriminate such Word
pairs, but rather to lead him to appreciate tHat each of these words contains
three gments,,and that they are alike in the first two and differ in the
third, this is a further example of the distinction we drew earlier between
tacit an explicit knowledge of the phonetic structure of language.

The encoded nature of the phonemes has another consequence that surely con-
tributes to the difficulty of'learning to-read analytically. It makes it impos-
a.ible to read by sounding out the letters one by one. In the example of dig,
used above,.reaang'letter by letter gives, not "dig," but "duhiguh." In order
to learn to read analytically, one must instead discover how many of the letter
segments must be taken simultaneously into account in order to arrive at the
correct phonetic rendition. In the case of the word dig, there is' reason to be-
lieve the number would be three. But, in fact, there is no simple rule for
arriving at that number, and we suspect that learning to group the letters for
the purpose of proper phonetic recoding is one of the really significant skills
one must acquire. Thus, even in languages such as Finnish and Spanish in which
the writing system closely apprdximates one-to-one correspondences between let-
ters and phonemes, reading cannot be a simple matter of association between al-
phabetic characters and spoken sounds. In order to recover the spoken form, the
reader must still "chufik" all the letters that represent the phonetic segments
encoded into teach syllable. In the case of reading .a word in isolation, the
coding, unit is p.obablythe syllable. In reading, connected text, the number of
letters that must be apprehended before recovery of the sopken form may at times
be quite large, for reasons we hale discussed. We do not know how the coding
unit may vary with the prosody of the text and the reader's experience, but we
may be sure that such units almo't always exceed one letter in length. There-
fore, we would stress that making analytic use of an alphabet does not mean
reading letter-by-letter.

12
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.The foregoing discu sion has stressed that explicit awareness of the
phonetic strsture of ut erances is a very different thing from the ability to
distinguiatA whose honetic structure differs minimally. The latter is

easy for every normal child of school age, whereas the difficulty of explicit

_a5ealysis has been noted by a number of researchers (Bloomfield, 1942; Rosner
'gild. Simon, 1971; Calfee, Chapman, and Venezky, 1972; Savin, 1972; Elkonin,

1973; Gleitman and Rozin, 1973). However, there had been no experiments de-

s geed to demonstrate directly that phonetic segmentation is more difficult for

y ng children than syllabic segmentation, and that the ability to do it might

de elop later.

DEVELOPMENT OF THE AWARENESS 0V SPEECH SEGMENTS IN THE YOUNG CHILD

Recently, we (Liberman et al., 974) investigated the development of the

ability to analyze words e*plicitl in syllables and phonemes. The task was

posed to the child subject in e, guise of a tapping game, in which segments

had to be indicatedhy the number of taps. We found steep age trends for anal-

ysis of words into each kind of segment, Abut; at each age, test Words were more

readily segmented into syllables than into phonemes. At age four, none of the

children in our sample could segment.by phoneme (according to the criterion we..
adopted), while nearly 50 percent could segment by syllable. Even at age six,

only 70 percent succeeded in . phoneme segmentation, whereas 90 percent were suc-
cessful in the syllable task.:

Further rasearch is needed to confirm and generalize these results. Since'

the syllable is also the unit of metric scan, it is conceiloble that tie motor
response of tapping is more coMpadble with analysis:b.), syllable than with Altai.-

ysis by phoneme. An alternative procedure, designed by Goldstein (1974).9 asks

the child to indicate the numbers Segments in test words by counting out
tokens, thus limiting rhythmic'mdtor responses that might bias,the outcome in

favor of the syllable. Goldsteints preliminary'work with this alternative pro-

cedure confirmed that phoneme segmentation is genuinely.more difficult than syl-

lable segmentation.

We hope eventually to clarify 61e meaning of the age trends we found. On

the one hand, the.increase in ability to segment phonetically might result from
the reading instruction that typically begins between ages five and six.' Al- ,

ternatively, it might be a manifestation of cognitive growth not spdcifically
dependent on training. The latter possibility could be tested by, a developmen-

tal study of segmentation skills in a language community such as the Chinese,

where the orthographic unit is theyord and where reading instruction therefore

does,not demand the kind of phonetic analysis needed in an alphabetic system.

SEGMENTATION AND READING'ACQUISITION

There is some evidence that,the difficulties of phoneme segmentation may be
related to problems of early reading acquisition. Such a relation can be in-

ferred from the observation that children who are resistant to early reading in-

struction have problems ;even with spoken language when they are required to per-
form tasks demanding some rather explicit understanding of phonetic structure.
Such children are reported (onroe, 1932.; Savin, 1972) to beAeficient in rhym-

ing, in recognizing that twoldifferent monosyllqbles may share the same first

18
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(or last) phoneme segment, and els.° in playing certain speech games, which re-
quire a shift of the initial consonant segment of a word to a nonsense syllable
suffix.

In our segmentation experiment, we noted a sharp increase in the number of
children passing the phoneme-segmentation,task, from only 17 percent at age
'five to 70 percent at age six. Hence, the steepest rise in segmentation ability
coincides with the first intensive concentration on reading-related skills in
the schooling of the child. This result, together with the observations on the
lack of "transparency" of the phoneme to which we referred earlier, suggests a
connection between phonetic segmentation ability and early reading acquisition.
In a pilot study, we have begun to explore this relation. We measured the
reading achievement of the children who had taken part in our experiment on
phonemic segmentation described above. Testing at the beginning of the second
School year, we found that half the children in the lowest third of the class
in reading goachieVement--as measured by the word-recognition task of the Wide

"Range Achievement Test (Jastak et al, 1965)--had failed the phoneme segmenta-
tion task the previous June; on the other hand, there were no failures in
phoneme segmentation among the children whO scored in the top third in reading
ability.

Weare hopeful that studies of preschool .children's ability to segment
speech tay shed some light on the matter of reading readiness. We plan tsvex

,amine thepatternlof readingerrors in children at different levels of reading
ability in relation to their agility to,indicate the segfOrits of spoken speech., '$!,1

1.11 If the indications of our pilot work are borne out,.failure on Moth the sylla-
ble and the phoneme tasks at the first-siade'level will be prognostic of ex-
treme reading d iculty.

,t, fit'

',4 SUMMARY AND CONCLUSIONS

We believe the priority of spoken language and the derivative nature of
reading and writing are the starting points for any unterstanding of the nature,
of writi1gs systems and their acquisition. Reading, however, presents special
Problems for the perceiver, the nature of which reflects the manner in which the
Nriting system makes contact with the primary speech system. In the case of
English, the ties between the language and'its spelling are based only partly

. on the sound structure. Nevertheless, it is Rarticularly.appropriate to direct
the child's attention to the phonemic level, because the phonemic correspon-
dences.are the entry points, toany alphabetic' writing system.

.
considere t a primary function of a phonetic representation, whether

for the listener or the eader, is to yield an adequatessAn in working memory.
4 to permit linguistic inter etation of the temporally arrayed segments of the

message. Results of our studies of short-term memory in good and poor readers .

suggested that the poor reader is deficient in 5orming a phonetic representa-
tion from speech as well /as from script.

In order to learn to.read an alphabetically written language, the avail-
ability of a phonetically organized short-term memory is not sufficient. In
addition, the,child must have the ability to make explicit the segmentation of '

his own speech, particularly at the level of the phoneme. Data were preSented
indicating that explicit knowledge of the phonetic, level is difficult to attain
in contrast to the tacit appreciation of phonemic differences reflected in

14



ordinary language use. We and others h ve noted that phonemic awareness is
lacking in many children when they start learn to read, and may be a cause
of reading failure. In sum, the relations etween speech and reading are both.
intimate and subtle. It would seem appropriate for the early instruction in
reading to place initial stress on making the child aware of the speech segments
he will eventually learn .to represent by written signs.

. -
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On Interpreting the Error Pattern in Beginning Reading ,

Carol A. Towlet;* Isabelle Y. Liberman,* and Donald Shankweiler*

ABSTRACT

The error pattern in beginning reading was examined from two
perspectives: the location of a misread consonant, or vowel segment
within the syllable and the phonetic relationship between a consonant
or vowel and a misreading of it. The first analysis showed, as '

earlier work had led us to expect, that consonants in the final posi-
, tion in a syllable, were.more frequently misread than initial conso-
nants. In contrast, the position of a vowel within the syllable had

. no effect on the frequency with which it was misread. With regard

to the.second analysis, consonant errors were found to bear a close
phonetic relationship to their target sounds, while errors on vowels
were essentially unrelated, phonetically, to the vowel as writtent

The striking differences, demonstrated by the results of both analy-
ses, between the consonants and the vowels were'attributed to the

different linguistic functions of the two types of segments and to
their different representations in English orthography. These find-

ings underscore the importance of nonvisual, language-related cogni-
tive operations in reading acquisition.

By analyzing the errors that children make when they read, we Can expect to
learn something about the underlying difficulties of reading acquisition. How-

ever, analysis of beginners' errors can be enlightening only if the errors form

patterns, and then only if we can make sense of-the pptterns in terms of what we

know about those processes of language and perception on which the, development

of reading must depend. Of course, patterns do not reveal themselves automat

cally. Suitable strategies for examining the errors must be chosen by the in-
vestigator, and these naturally reflect one's views of the nature of the prob-

lem. That is to say, the choice of strategies'for analysis of misreadings re-
flects our expectations and biases concerning what it is that makes learning to

read difficult.

It seems patent to us that many children who lag behind in reading acquisi-
tion do not understand the nature of the link between the writing system and the
language they already command in speech., Our research has therefore been direct-
ed to the problems the child encounters in mapping the letter signs of the

written word to the linguistic segments-of ,the spoken word. For this purpose,

we have chosen to focus on the child's errolkpattein in reading isolated words

rather than his reading of words in cOhnecta text. Our major reason for'

*Also University of Connecticut, Storrs.,

[HASKINS LABORATORIES: Status Report on Speech Research SR-45/46 (1976)]
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adopting this approach was a practical one: it is more feasible to assess a
child's analytic knowledge of the writing system when the materials used are as
free as they can be from the contextual cues supplied by ordinary meaningful
disfourse. Empirical support for the validity of this approach is provided by
earlier studies (Shankweiler and Liberman,'1972) in which we found a high cor-
relation between children's ability to decode isolated words and their ability
to read meaningful, connected text with comprehension.

Given the word as the unit for investigation, our strategy was to examine'
the beginner's misreadings from two perspectiv the location within the word
where errors most frequently occur, and the onetic relationships between the
word as written and the child's incorrect re itiong.

PHONOLOGICAL' SEGMENTATION AND ERRORS IN BEGINNING READING

The first perspective was suggested to us by the results of an earlier ex-
periment ( Shankweiler and Liberman, 1972). In that experiment, we.observed that
the errors made by beginning readers did, in fact, show a pattern with relpect -

to location within,the word. Thus we noted, as others had (Daniels' and.Diack,
1956; Weber, 1970), that errors on final consonants far exceed those on initial
consonants in a consonan%7vowel-consonant (CVC) syllable. Additionally, we
found that errors on medal vowels exceed errors on consonants in both the
tial and final positions.

To account for this observed distribution of errors, we adopted a line of
reasoning previously suggested by one of us (Liberman, 1971, 1973) in which it
was argued that if the child is to take full advantage of an alphabetic writing
system, he must be able to segment the Spoken word into its component phonologi-
cal units. That is to say, he first has to recognize that the continuous
acoustic signal that constitutes the spoken word may be represented as an
ordered string of discrete phonological segments. Second, the child must be
able to identify explicitly the set of phonological segments that makes up a
given word. Only by so doing can he acquire and use the orthographic rules that
map these abstract units of sound onto their appropriate graphic representations.
It is not enough that the child merely be able to discriminate words, such as
bag and bat, which differ in one phoneme. Every normal child can do that.long
before attaining reading age. In order to learn to use an alphabet effectively,
more is required than the perception of phonological differences. The child
needs to know explicitly that, in the example given, thg words each contain
three segments and that they are alike in the first and second segments and
differ in the third (cf. Gibson and Levin, 1975 and Rozin and Gleitman, in
press, for extended discussions of the view).

Several recent investigations (Rosner and Simon, 1970; Calfee, Chapman, and
Venezky, 1972; Liberman, 1973; Liberman, Shankweiler, Fischer, and Carter, 1974)
of the phOnological skills of young children havt shown'that many do indeed find
the task bf segmenting the spoken word a difficult one. In our study (Liberman
'et al.t 1974), children in three age groups (nursery=preschool, kindergarten,
and first grade) were asked to indicate, bj means of a tapping game we showed
them, the number of phonemes contained in each of a group of high-frequency
words. Most of the youngest children were unable, to perform the task as were
the majority of the.kindergarteners. Even at the end Of the first grade, 30
percent bf the children failed. The first-grade children who failed in the
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segmentation task hid considerably more difficulty later in reading acquisition
than those who succeeded (Liberman, 1973). .

In the light of these findings, it seemed reasonable to Suppose that the
task of phonological segmentation might also vary in difficulty with the posi-
tion of a given segment in the syllable. Thatis, the initial sound in a sylIa-

ble should be easiest to isolate for the purpose of relating sound to ortho-
graphic representation because it can be extracted without extensive analysis of
the syllable's sound structure. Obversely, the final segment would be more dif-

ficult becauSe just such an analysis would be required. The medial sound might

be the most difficult to analyze because it is entirely embedded within the syl-
lable. A report by Rosner and Simon (1970) seems to support these conjectures:
when a child is asked to reproduce an auditorily presented word, but to leave
out a specified consonant sound, he experiences the greatest difficulty with the
medial consonant sound and'the least difficulty with the initial sound.

One way to account for the error pattern observed in our earlier experiment,

then, is to consider that it reflects the differential difficulty that the be-
ginning reader experiences in segmenting sounds occurring in the initial., medial,

and final positions in the syllable. Such an account would attribute the error

difference we obtained between medial vowels, final consonants, and initial con-
sonants to the relative positions within the syllable occupied by the different

types of sounds and not to differences among the sound-types themselves.

Although the data of our previous experiment (Shankweiler and Liberman,
1972) are consistent with such an interpretation, controls were lacking that
would enable us to rule out other possible interpretations. An adequate test of

the hypothesis would require first that the set of consonants occurring in syl-
lable-initial position be identical with the set that occurs in syllablefinal

poSition. Additionally, it would require that the, vowel also occur in initial

and final position, not only in the medial position, as was the case in our
earlier experiment. If, in a test designed to incorporate these controls,

errors on initial, medial, and final segments again rank as before, then' we can,

conclude with more assurance that the order of, difficulty reflects a true pbsi-
tion effect for both consonants and vowels.

Accordingly, for the present experiment, we developed two word lists de-

signed to meet these requirements.1 In List 1, the 19 consonant phonemes that

can occur in both the initial and in the final positions of a word appearefl

twice in each position.2 In List 2, the seven vowel phonemes that can.ocehr in

the initial, medial, and final, segment positions in a monosyllable appeared

. three times in each position. The items composing both the-'vowel and the con-

sonant lists were monosyllabic words,, which insofar as possible were familiar to

third graders (Buckingham and Dolch, 1936) but were not "sight" words.

1Ideally, it would have b en.desirable to provide both the consonant and the vow-

el Controls within one 1 st. Contingencies relating to reading and vocabulary

level made this impbssible to achieve.
t

2Medial consonants were eicluded from the test list, as they, had been in the earl-

ier experimenpt. Their inclusion would restrict us to a very small set of 'conso-

nants unless weallowed disyllables. Disyllables were avoided because we did not

wish to introduce problems of syllable segmentation into the treading task.
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The lists 43ere presented in a single session.3 The order of list presenta-
tion was balanced across subject?, and the order of wo ds in each list was ran-
domized. The test words werepripted with a black fel -tip pen on separite un-
lined 3 x 5 file cards. The c ds were placed face do in front, of the subject
an& were ,turned over One by tte hy the examiner. The ubject was asked to read
each word as it was prese ed and to give his best gue s if he did not 'plow the
word. RespOnses were p nemically transcribed by the xaminer and were recorded
on magnetic tofe for ter checking.

The subjects ere children of the second, third, and fourth grades, 20 from
each grade, chosen alphabetically from the rosters of pale and female st ants
in a public elementary school in Andover, Connecticut. Testing was dons in the
late fall and early winter.

THE SEGMENT POSITION EFFECT IN CONSONANT ERRORS;'.

The distribution o6phoneme frequencies in EngliSh is t the same in sylla-
ble-initial and in syllable-final segment positions. In der to control for
possible effects of this difference, List 1 was constru ted so that the same set"
of consonant phonemes app&red in each position. Despite this.control, the
error difference obtained in our earlier experiment- s replicated. As can be
seen in Table 1, final-consonant (FC) errors contin e to exceed initial-conso-
nant (IC) errors. The direction of the difference is the same at esvery grade
level, and is consistent with the predicted rank rdering of diffidulty of the
initial and final segments in the syllable.

TABLE 1: Errors on initial and final consonants.and on medial vowels (List
presented as proportions of opportunity for error (decimal points/
omitted).

L

a
Occurrences not controlled.

Grade IC ,FC MVa.

Z. 08 16 27

3 05 .10 15

4 02- 06 08

An analysis of variancetperfoyfined on the data indicated that the effect, of
consonant Obsition was highly significant [F(1,57) = 44.80, 2. < .001]. 'As ex-
pectea, there was also an increase in performance level with grade [F(2,57)'
4.10, P.< .D25]. The grade-by-position interaction was not significant.

Although the identity of the phonemes occurting 'in each segment position of
the words was controlled inList 1, their orthographic representations were not
controlled. Therefore, a further analysis was performed to ascertain that the
larger FC error rates could notbe ascribed to differences in the frequency or
ease Of apprehension of the different sets of orthographic representations that

3
A third list, used to study orthographic complexity, was presented at the same '

time. It will b'e described in a later paper.

23



-..--'

occur in the initial and final positions. For the purposes of thi analysis,

orthographic complexity was defined in two ways. First, it was defined in terms
.,of the number of possible orthographic representation's per phoneme. In this
sense, a phoneme that can be Spelled in many ways is more complex than one with

. few orthographic representations. Second, complexity was defined in terms of
the number of letters in each orthographic reprdsentation. For example, "tch"
would be more complex than "c." For the purpoies of the following analysis,
both criteria were used--that is, a phoneme wa44considered orthographically com-
plex if-it could be spelled in more than one wa)f, but it also was considered com-
plex if its single orthographic fepresentation 'consisted of more than one letter,
Based on these criteria: the consonant' phonemes were separated into."Si ple" and
"complex" categoriet. = ' '

.
1 .

In Table 2, IC and FC errors in the simple and comple1c.categories ere pre-
sented as proportions of opportunities for error. If orthographic complexity
were the basis for the FC/IC difference, removing these phonemps,On whicb.Ws
and ICs differ with respect to orthographic complexity Should equalize the error.
rates. However, the difference is present even in*the 'simple" 'category whose
member phonemes are simple both in syllable-initial and syllable-final ppition
with respect to the indicated criteria. : n

,

a et

TABLE 2: Errors on orthographically complex arid Simple sounds._ Errors pre-

sented as proportions of opportunity -for error (decimal points
omitted) . .

'Complex Simple

Grade

2

.3,

4

:

IC

06

01

FC

24

13

09 .;;

06

03

61

08

07

'03

aComplex: /f,j,k,m,s10,8,C,,z/; simple:. /b,d,g,L,n,p,t,r,v /.

Apparently then, neither phonemic distribution WIthin the syllable nor ot=*
thographic complexity can account for the FC/IC difference in error rate The

difference, therefore; must be truly a position. effect, that is, an effect of
the location of d given phoneme in the syllable. Final-consonant segmerits.are

more difficult than IC segment's because they are in the syllable -final position.
,

THE SEGMENT POSIIION'EFFECT IN VOWEL ERRORS

It (can' be 46en from Tables 3, which ditplays.theeirar- scores for the
vowel-controlled list of Words, that the vowels do .not show the marked position
effect of the consonants.' The analysis of variance revealed only a marginally .°
significant effect of segment position [F(2,114) = 4.61;2 < .05]. Again, there'

was an increase in performance level with grade [F(2,114) = 11.08, 2 < .01/, and

the interaction was nonsignificant. ,

Analyses performed separately on the error scores for each grade show that
the position effect for Vowels was statistically significant at one grade level:

the fourth grade. This is in contrast to the position effect for consonants,

n
ri

$
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TABLE 3: Errors On initial, medial, and final vowels and on initial and final
consonants (List. 2) pres ited as'proportions,of oppbrtunity for error
(decimal points omitted).

.

a

Grade IV MV FV ICa FCa

2 47 43 43 17 32

3 28 27 31 09' '19
4 20 12 19 04 11

a
Occur-woes not Controlled.

. Q.

which was significant in all three grades. Post-hoc means tests of the fourth-
, grade vowel data indicate that two differences account d for the significant F

values: errors on vowels in the initial position ap in the initial and final
positions, combined, both significantly exceeded erro s on vowels, in the medial
position. -Thus', if a segment position effect for vowels can be said to exist at

6,1

-all, it must be. attributed tp the significantly fewer errors on medial than on
initial an# final vowels .(and then only-for the fourth-grade subjects).

THE.RANK ORDERING OF CONSONANT ERRORS AND VOWEL ERRORS

We can now reexamine the vowel>final-consonant>initial-consonant rank
ordering of errors that we observed in our original experiment. It should, first
be noted that' because both-the consonants and vowels could not be controlled.

',within a single list, the consonant-vowel error hierarchy cannot be directly
examined within either List 1 or 2. However, as can be seen in Tables 1 and 3.,
if vowel errors are scored'ili the consonant-controlled list and consonant errors
in'the vowel-controlled list?,the voWel>final-consonant>initial-consonant hier-
archy of error frequency is replicated at every grade level within both lists.
It J.el cleai that whereas vowels in any position elicit More errors than conso7
nants, the initial-final difference among the consonants is maintained,

On the consonant-controlled list of the present'experiment, the difference
in error rate between the final consonants and the initial consonants found
earlier was replicated even after phonological and orthographic differences be-
twean.the two categories had been removed. The discrepancy, then, may be attri-
buted to some' difference in difficulty between the initial and final segment po-
sitions of the coqsoftants in the syllable and not to the particular consonant
'phonemes or the orthographic patterns that tend to occur in the two syllabic lo-
cations.'

,

On the other hand, the preponderance of vowel ovbr consonant errors oDtained,
In our earlier%experiment Can no longer be attributed to the embedded. position of
the vowel within'thesyllabie. The results obtained with List 2,indicate that
vowels are approximately equal in difficulty across the three syllable.locations.
We may conclude, therefore, that the vowels in our earlier,axperiment were more
difficult than the consonants for the beginning readers, not because of their
embedded location within Elle syllable, but, rather, because of characteristics
specific to vowels and not present in 'consonants.

In summary, we have looked to see where the errors are made in the syllable,
and have concluded that there is a position effect Withe consonants,
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Syllable -final consonants give rise to twice as many errors as syllable7-initial
consonants. The position-related errors can therefore 413e viewed as an outcome

.of the difficulties of phonological segmentation. However, the frequency'of '

vowel errors was not affected by the position of the vowel segment within.the
syllable., Therefore, we cannot 'regard the'child's difficulties with vowels as
-a reflection of his'inability to segment the syllable: ,

. .

It may be argued (Liberman, 1973) that if the child's segmentation skilU
were improved, his difficulties with the.vamls'would not be a severe handicap
to him, in deciphering the text.,eThis might be'expected because'the consonants
carry the major information load in the word. If the child were able tp assign
correct "sounds to'the consonants in proper sequence, an incorrect rendition of

the vowels would be corrected fairly easily in context.

THE NATURE OF THE PHONETIC ERRORS IN BEGINNING READING

Havingconsidered the location of the errors, we turn our attention now to ,

an examination of their nature. We found both in this experime nd previous

one (Shankweiler and Liberman, 1972) that vowels generate more errors, n con-

'sonants. It is appropriate to-ask how the errors might be different in the two
phonetic classes. Our purpose',in the following analysis was to look for phonetic

relationships between the misread segment and the target segment. Of course, in

ordinary reading the lexical and broader linguistic context may affect the choice
of th6 guessed-at word. We deliberately minimized the contribution brcontext,
as we have said, in order to be able to assign_atre4tively unambiglaus inter-
pretation tb the errors thavoceur.

Because -the experiment required the children to read the
.

words aloudt all

of them presumably had to make a transformation from a viAuS1 to a phonetic

representation. we may be surt then that the child is recQding the material
phonetically as he reads, and we can examine, segment by segment, the phonetic
relationship between the child's misreading and the segment that would be'pro-
duced in that position if the word were read as written. In order to make the

examination, we have adapted technigues used by other investigators to examine
errors of speech perception. There is much evidence from investigations of speech

percept on ,(see, for example, Miller and Nicely, 1955) that phoneme segments'are
themselVes compounds of a small set of phonetic features and that errors in per-
ceiving speech by ear can be understood on a'feature basis. That is, a subdti-
tuted phoneme, more often than not, is only a partial error, in the sense that
it preserves. features in common with the presented segment. .

Recent data obtained by EimaS4k(in press) show that the pattern of consonant
errors-made by six- and seven-year-old children in recall of strings of visually
presented, 4o'nsense,syllables resembles extremely closely the pattern obtained

with audicorypresentation. Errors having more than one distinctive feature in
common with the presented phoneme occurred significantly more frequently than
errors sharing one or no features with the presented phoneme. These findings

. would lead us to expect that as the child reads, he recodes the input into a
form that can be described in terms of a phonetic,feature matrix.

If errors arise in the transformation from print to a phonetic code, then
the pattern of errors due to misreading Might be expected to resemble that due
to mishearing. Thus, there is, reason to expect that the frequency Of misreading
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would Vary directly with the number of features shared between the presented and
the misread segments. Factors other than degiee of phonetic contrast, however,
are likely to be involved in the tilsreadings of vowels. Whereas the.rules re -'
lating spelling to phonetic segment are felatively straightforward for cons°-

. 4

nants, they ate quite complex for vowels. For this reason, we might expect
find not only that more errors occur on vowels than on consonants, but a that
the nature of the substitutions. may be different for the two phonetic classes.

. FEATURE SWBSTITUTION ERRORS AMONG CONSONANTS
4

To determine whether the misreadings among consonants pattern nonrandomly,
we needed a way,to quantify the phonetic distance between any two consonants.
We also-needed a way of Comparing the obserited frequency of errors at a given
phonetic distance from a target phOneme with the frequencies that would be ex-
pected if the children* were randomly assigning phonemes to letters.

For -the purposes of this investigation, we defined phonetic distance in
terms of the number of distinctive features shared by an error response and a,
targetThoneme. Three features--voicing,.place of articulation, and manner of
articulation--.:describe the English consonants adequately, providing each witha
unique feature description. For example, since /b/ and /p/ share two features,
they are considered phonetically similar; /b/ and /s/,. which share no features,
are dissimilar. Each error response was classified in this manner, according to
the number of features it shared with its respective target phoneme. The fraL
'quency of error responses in each of.the phonetic-distance categories (zero,
one, or two features shared) was tallied separately for children of each grade
and for each consonant position. ,_

: . fr--- .

.

Frequencies expected by 'chance were calculated by constructing a 19 x 22
triangular matrix with the 19 target phonemes (that Is, the 19 consonants that
appeared in List 1) represented vertically and the complete set of the 22 conso-
nants of English represented horizontally. Each cell of the triangular matrix
this u4iquely represented a target phoneme paired with a possible error respOnse.
We made the assumption that a ,child responding randomly Would choose his re-
sponses only from among,the set of English consonants. In each cell were listed
'the features shared in common by the appropriate target phoneme and error re-
sponse. The frequencies of cells with,entries.containing zero, one, or two fea-
tures shared by the target consonant And each possible erroneous response were
tallied separately. These were expressed as proportions of errors that would be
expected to share zero, one, or two features with to target phoneme if the

.
Children were assigning phoneme categories to lette s on a random basis. The
total number of errors for each grade and consonant position was multiplied by
iach proportion, thus providing an estimate of the.pumber of errors expected to
all into each phonetic distance category under the assumption 0 randomness.
these expected frequencies were statistically compared with the,obtained fre-
quencies using the x2 analysis.. Table 4 13esents the obtained and expected fre-
Oencies and the value of X2 by grade' and consonant

1

position,4
1

. i

4
We are'aware that the analyses presented in Tables 4 and 5 below, violate the
independence assumption of the x2 analysis. Consequently, *e cannot draw our
conclusions from'the results of the analysis with any certainty. However, we
know 2f no more appropriate analysis.
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TABLE 4: Observed and expected frequencies of consonant errors sharing zero,

one, or two features with the target sounds.,

Grade

Number of shared features

0 1 2

ObsNted...)Expected Observed Expected Observed Expected X2 2.

2 11 44 43 65 81 28 132.5 <.001

3 8 25.1 22 37.2 47' . 16.8 72.2 <.001

4 3 12.4 13 19.6 26 10.5 32.2 <.001,

Our expectation that the child's errors would begove'rned by phonetiq fea-
tures appears tobe strongly supported by the consonant data. As can be seen in

Table 4, the x2,values for each grade and consonant position are significant,
with 2 < .001.

The proportion oeconsonant errors falling into the two-feature-shared cat-

egory is remarkably stable across the grades: 60 percent of second-grade errors,

61 percent of third-grade errors, and 62 percent of fourth-grade errors share
two features with their appropriate target phonemes. The results suggest,

"therefore, that phonetically motivated substitutions contribute substantially to
the consonant error pattern both at the very early stages of reading acquisition
and beyond,.

FEATURE SUBSTITUTIGIN ERRORS AMONG NOVELS

Vowel errors were treated in much the same way as the consonant errors.' A
number of feature systems for vowels has been proposed, but none has won such
strong empirical suppo as to give a clear basis foi choice. The feature sys-

tem we used was a, modi ication of that proposed by Singh and Woods (1971).
Three of their features- enseness, tongue advancement, and tongue height--dis-

tinguish each nondiphthongized vowel from every other. A fourth feature, °retro-

flexion, distinguishes only the vowel /3'/ from other vowels. Since ily is an

infrequent response in our data, we did not incorporate this feature in our

analysis. In its place,.we added the feature diphthongization, in order'to

distinguish diphrhongizedjrbm nondiphthongized vowels.

The vowel errors, likt the consonant errors, were classified according to

the number of features they shared with their respective target phonemes. The

frequency of err s, in each phonetic distande catego.fy (zero, one, two, or three

features shared firth the target) was again compared With'the frequencies that

would be expect4ik the child were randomly assigning. phonemes to spellings.

The results of the vowel feature analysis, shown in Table 5, reveal a pic-
ture very different -from the comparable analysis of consonant errors. The

Table gives grouped frequencies of errors on the vowel classified according, to

thenumber of features shared with the target4owel. Again, expected
.

e are calculated on the null assumption that the distribution-of errors with-

in these categories is random. Whereas for consonants.the effect of phonetic

distance was significant across all grades, the vowel errors displayed in

Table 5 reveal no consistent direction in the differences between observed and
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expected frequencies. Thus, for vowels, it appears that given the occurrence
' of an error, the assignment of phoheMe.to grapheme'was random.

TABLE 5: ObserVed and expected .frequencies of vowel errors sharing zero or one
feature, or sharing two or three features with the target sounds.

lint of shared features

Grade 0-1 4 2-3

Observed Expected Observed Expected x2

2 285 394 262 243 / 2:67 >.10
3- 180 191 170 158 1.54 >.20
4 110 118 105 96 1.38 >,20

The contrasting results obtained for vowels and consonants is indeed strik-
ing. The opposition of these phonetic classes is revealed by both approaches to
error analysis: the first, in which we investigated misreadings in relation to %

their location in the syllable, and the second, in which we consider the phonetic
characteristics of the errors. From the latter analysis, we are led to conclude
that the concept of degree of phonetic contrast, so successful in rationalizing
the errors on consonants, does not enable us to understand the vowel errors.
For these, other sources of difficulty must be sought.

At all events, these,differences,in error pattern between the consonants
and vowels lend credibility to the position taken'by ourselves,and other investi-
gators (Liberman, Shankweiler, Orlando, Harris, and Bell-Berti, 1971; Vellutino,
Stbger; and Kandel, 1972; Veilutino, Pruzak, Steger, and Meshoulam, 1973) that
visual factors are not sufficient to account for the difficulties of the begin-
ning reader. Surely, problems in scanning, eye movementsf and/or the apprehen-
sion of the optical form of letters cannot explain the differences in consonant
and vowel etror patterns that we.have,found. Consonants and vowels cannot be

'meaningfully classified in terms of their visual characteristics; the differ-
ences in error pattern therefore'could not be related to a classification made
On that basis. Consonants and vowels do, on the other hand, forM distinctive
categories in the language and have different functional roles in communication.

Conaidered from the standpointof their contribution to the phonological
message, consonants carry the heavier information load., Vowel's, pn the other
hand, are the foundation on which the syllable is constructed, and As such are
the carriers of prosodic features. It is the vowels that are the more fluid
and variable of the two classes of phonetic elements, more subject to phonetic
variation across, individuals and dialect groups, and more subject to phonetic
drift over time. As we.suggested in an earlier paper (Shankweiler and Liberman,
'1972), the relatively greater variability of.vowels than consonants may in part
account for the different Ways these segments are represented in the ortho-
graphy. It may account for the fact'that in ynglish, at least, there tend to
be man/spellings for each vowel and more nearly one-to-one spelling-to-sound
relationships for the consonants.
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SUMMARY AND CONCLUSIONS'

The errors children make in reading, before they have fully mastered the
skill, can teach us something about the special prOblems of learning to read.
In an earlier study, we observed, as others have, that errors on the final con-
sonant of a CVC syllable far exceed those on the initial consonant. Addition-
ally, we found that errors.on,medial vowels exceed those on consonants in both
initial and final pdsition. 'The first purpose of the present,study tas to con-,
firm these earlier findings and,,by the use of various controls, to test their
generality.

,We found the same pattern of consonant errors as previously obtained,with
'those in final Position being misread twice as often as those in initial posi-
tion. As a result of the controls introduced in the present study, we can now
conclude that the findings represent a true position effect. It cann be

attributed,to.a different phonological' distribution of consonants in syl le-

initial and in syllable-final position, nor can it be attributed to differences,'
in the orthography associated with beginnings and ends of words. Having ruled
out these interpretations of the position effect, we believe the greater diffi-
culty of the final' consonant is the result of the child's defective understand-
ing 'of the phonological segmentation of his spoken language. We know from
earlier work of our own and others that inability to indicate the phonemic seg-
mentation of heard speech is characteristic of the prergading child. Given the
difficulty in becoming explicitly aware that syllables may be analyzed into
strings of phonological segments, it seemed reasonable to luPpose that the task
of phonological segmentation might vary in difficulty with the position of a
given segment in the syllable. On this basis, the initial segment should be
easiest to isolate because. it can be extracted without analysis of the internal .

structure of the syllable.

In contrast to the findings on consonant misreadings, errors,on vowels show
no effect of position. When we placed the vowel in initial, medial, and final
position in the syllable, the errors did not vrin any systematic fashion. We

suppose, therefore, that vowel errors do not reflect primarily the child's dif-
ficulties in phonological segmentation, but rather the compleXity and variabil-
ity of the spelling-to-sound correspondences.

. . .

The assumption that consonant and vowel errors Jave different causes was
supported by the results of a further analysis that took account not of the lo-
cation of the errors, but of their nature. In that analysis,.it was found that
consonant errors we e systematically related to the presented phoneme, differing

infrom it most often in only one feature. Vowel errors, in con trast, were not
systematically relate to the phonetic features of the presented vowel; indeed,"
the feature distribution of the vowel errors was essentially random. Such dif-
ferences in the distribution of errors on consonants and vowels in reading,may
reflect the'different functions of those phonetic classes in speech. Perhaps
the most general implication of these differences in error pattern between con-
sonants and vowels is that they underscore the importance of nonvisual cognitive
processes in reading. These findings lend confirmation to our belief that vis-
ual factors contribute rather little to the difficulties of beginning reading--
certalnlY less than factors relating to the language, such as awareness of pho-
nological segmentation, phonetic recoding, and the structure of the orthography.
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Comments on the Session: Perception and'Production of Speech II; Conference on
'Origin and Evolution of Language and Speech*

A. M. Liberman+

dr.

The interesting papers we heard all dealt in one way or another with a
question that is surely central to an inquiry into.the biology-of language: Are
linguiptic processes in some dense special, different, from the processes that
under0 nonlinguistic activities and, perhaps, unique to man? To discuss that
question, and the papers of the evening's session, I find it useful to di-Stin-
gufsh two classes of specialized processes, auditory and phonetic.

Specialized auditory processes would serve, perhaps in the fashion of fea-
ture detectors, to extract`those aspects of the acoustic signal that carry the
important information. One is 1.ed to suppose that such deviCes might exist be-
cause it is true, and paradoxical, that some of the most important phonetic in-
formation is contained in parts of tile speech sound that arenot physically
salient. Thus, a significant acoustic cue is in the formant transitions, though
these are often of short duration and rapidly changing frequency. Perhaps there
are, devices devoted to detecting those transitions. If so, we should hOld them
up as examples of specializations in 410 auditory syste4. They would be impor-
tant for the perception of language, but not properly part of its special pro-
cesses.

If the acoustic signal were directly related to.the phonetic message, then
detection of the phonetically impOrtant cues would be sufficient for phonetic
perception; no.further processing would be necessary. But the relation between
signal.and message is peculiarly complex. [For summary accounts, see Fant
(1962); Cooper (1972); Stevens and House (1932); Liberman (1974); Studdert-
Kerinedy (1974).] As a result, the specializedauditory detectors can only begin_
the job; the auditory display, they produce Must still be interpreted, because
the phonetic message is there in such highly encoded form. If thereare'deVices
specialized to do that kind of'interpreting, then I should consider them pho-
netic, not auditory. Since I will organize my comments on the papers of the
evening fin terms of that distinction, I should take a moment to illustrate what
I mean.

Consider the formant transitions that are important cues for the perception
of stop consonants in syllable-initial position, and call up in your Mind's eye
spectrographic representations. (similar to those shown by Dr.. Morse) of such
transition Cues as would be appropriate for Ida] and [ba]. Now add a patch of

,

*Paper delivered at the New York Academy of Sciences, 22-25 September 1975.

+Also University of Connecticut, Storrs,. and Yale University, New Haven, Conn.

[HASKINS LABORATORIES: ,Status Report on Speech Research. SR-45/46 (1976)]
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fricative noise--the hiss of [s]--just before the [da]. If that patch is imme-
diately in front 'of the [da], you will hear [sa], not [da]; the stop will have
disappeared completely. But if the patch is moved away so as to leave about 50
msec of silence between the: end of the hiss and the beginning of the formant
transitions, they you will hear 1sta]; that is, you will hear the stop once
stain: The generalization that captures those facts, and many others closely
related to them, is that a necessary condition for the perception of syllable-
initial stop consonants is a brief period of silence in front of the appropriate
transition cues. But why should silence be necessary? Why should it be impos-
sible to hear the stop when its acoustic cries follow closely on the fricative
noise?,

'

The simplest explanation, surely, is that we are here dealing with a char-
acteristic of the generalized mammalian auditory system. That might seem rea-
sonable if only becatsE in putting the fricative noise in front of the transi-
tion cues w.ehave conformed to the paradigm for auditory forward masking. But a
search of the literature on such masking uncovers no reason to suppose that it
could, in fact, provide the account we seek; forward masking does occur, but it
is not nearly so strong as to produce the total disappearance of the stop conso-
nant in [sa]. [See, for example, Elliott (1971) and Leshowitz and Cudahy

. (1973).]

Consider, now, a second interpretation. Suppose there are transition de-%
tectoh of the kind I speculated about and suppose, further, that the fricative
noise disables them, rendering them ineffective in extracting the transition
cues for the stop consonant. In fact, there is Very indirect evidence that such
transition detectors may exist in man. Thus, work by Kay and Matthews (1972)
suggests that there may be detectors sensitive to frequency modulations, at
least within a certain range. More, and perhaps more indirect, evidence comes
from studies on the so-called adaptation-shift phenomenon, first found in speech
by Eimas and Corbit (1973) and since studied by a number of'investigators. [For

a review, see 'Cooper (1975) and Darwin (in press).]*.Among those studies is a
recent one by Ganong (1975) that I will. describe, if only briefly, because its
outoome has several implications for our concern with specialized processes: it

suggests, as do several other such studies, that transition detectors may exist,
but it also indicates that'such detectors are in no way disabled by the frica-1
tive noise of our example. ,

Ganong's experiment went like thin. Having first found the boundary between
synthetic [da] and [ba],. Ganong adapted his subjects with [da] and measured the
resulting shift in the [da-ba] boundary. Then he put a patch of fricative noise
in front of the [da] and adapted his subjects with ,the [sa] syllable that they
all heard when the fricative-patch-plus [da] was sounded. The effect on the '

[da-ba] boundary was at least as great as when the adaptation was carried out
with [da]. As a OmenIagainst the possibility that [sa] had- its effect because
it worked on the_ same abstract phonetic- feature detectOr-S-S-idsi ([s] and [d]
have the same place-of-production feature), Ganong adapted with a [sa] from
_which the formant transitions had been removed; in that condition the effect on
the [da-ba] boundary was*much smaller. Those results suggest that the adapta-
tion shift in the [da-ba] boundary was caused by a change in the state of some
device that tebponds to formant transitions; thus, they support the assumption..
-that there are such things as transition detectors.
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But Ganong's results also show, more generally, that the transition cues
following the fricative noise were getting through in full strength, at least
as auditory events. If those transition cues nevertheless tailed to produce
perception of a stop consonant, it was not because they were absent from the
auditory display. [Other kinds of evidence for the same conclusion are reviewed

in Liberman (in press).]

We are led, then, to a third explanation for the disappearance of the stop
consonant: silence is necessary for theperception of stop consonants, not
cause it provides time to evade normal auditory forward masking, and notibecause

it prevents the disabling of specialized transition detectors, but because it
provides information. The information is that the speaker did indeed make the
total closure of the vocal'tract necessary to the production of a stop consonant.

A Thus, given enough silenceto indicate a suffitient closure of the vocal tract,
a-specfalized phonetic device could interpret the transition cues as reflecting
a linguistic event that includedthe stop-.consonant segment [d]. Hence-the per-
ception [sta] when "a silent interval of about 50,mseC is placed between the end
of the hiss and thebeginning of the transitions. , Without that silerft interval

the only reasonable phonetic interpretation is that the vocal tract did not

close completely. Hence [se].

So much, then, c:)t. the possibility, that there are at least two different

kinds of devices specialized for speech. Let me now comment on the papers 8f

the evening with reference to that distinction.

In the presentation by Dr. Andrews we saw interesting evidence that baboons

change the configuration of their vocal tracts so as to produce something like
formant transitions and, further, that such transitions may convey information

from one baboon to'another. If it is indeed the formant transitions that carry
the information, and-if the transitions are as brief and rapid as, they sometimes

are in, human speech, then we should not be surprised to find feature detectors

specialized to tract them. And in working with baboons we might, of course,
expect to get at such devices more directly than we can in research on human

beings.

Though baboons may produce and respond to rapid transitions, we have as yet
found no reason to believe that they (or, indeed, any creatures other than man)
produce or petceive phonetic strings. I should doubt, therefore, that we would

find the specialized phonetic processor,to which I referred. But what I doubt,

is surely not important. What is important, I should think, is that we can find

out whether baboons do havesomething like transition detectors and also whether

they behave toward speech as if they make a phonetic interpretation. Dr. Andrews

has given us a good start in that difection.

The experiments.that Philip Morse described are a.Todel of how to learn

about the biology of language. To. select some interesting chatacteri ic

human speech,perception and then look for that characteristic in prellt uistic

infants and nonhuman primates is surely one of the best ways to uncover, whatever
there may be of biological predisposition, specialized process, and species'

specificity. The experiments are certainly hard to do, but they are very much

worth doing, and Dr. Morse does them very well indeed.

The results Dr. Morse told us about this evening were interpreted by him in

terms of the possibility that there are devites like transition detectors. In
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his view, such devices tight explain categorical perception of the place dis-
tinction for stop consonants in infants and the somewhat in-between tendency
toward categorical perception he got in monkeys. I think, it quite reasonable to
suppose that the output of such detectors would be categorical. I doUbt, how-
ever, that the concept of feature detector could take us very far toward ex-
plaining the perception of stop consonants, except by a kind of metaphorical ex-
tension. Some of the reasons for my doubt will, perhaps, becoie clearer in con-
nection with the examples I mean to develop when I discuss Dr. Warren's paper in
a few moments, so I will say no more about those reasons now. In faiiihess to

Dr. Morse, however, ,II should emphasize that he was not trying to explain.tfie
perception of stop "consonants, nor even the perception of the place feature; but
only some data on discrimination and tendencies toward categorical perception in
infants and monkeys.

As for Dr. Morse's experiment, I should say that in using three foments
instead of two he gained the advantage of greater realism but at the cost of
some added difficulty in interpretation of the results. That difficulty arises
because when second- and third-formant transitions are both veried,it is harder
to scale physical similarity and therefore that much harder to assess tendencies
toward categorical perception. If one nevertheless prefers to use the three-
formant patterns because they are closer to what occurs in speech, he might re-
duce the difficulty I referred to by coupling the transition cues with,a variety
of vowels, thus randomizing the acoustical similarities;, if the discrimination
functions nevertheless come out the same way they did in Dr. Morse's experiment,
the conclusion would be quite compelling. .

Still, the results so far obtained with infants are impressive. The in-
fants of Morse's study.did.show a strong tendency toward categorical perception
of the place distinction in the stops, and, as Morse pointed out, that result
accords with those obtained'by other investigators. In the case of the monkeyp,
however, it is a good deal less clear that perception of the stops is-categor-
ical. There was, in the monkeys of Dr. Morse's experiment, some tendency in
that direction, though less apparently than with the infants. In that connec-
tion, we should keep in mind the results of.the earner study by Sinnott (1974),
to which both Morse and Warren referred. Using reaction time as the measure,
Sinnott found that her monkeys, like those of Morse, discriminated within pho-'
netic categories; but they did not discriminate better across phonetic bound-
aries than within them. That is, Sinnott's monkeys did not show any appreciable
tendency toward categorical perception, though her human subjects did.

Since the experiment on discrimination of the voicing distinction by
chinchillas (Kuhl and^Miller, 1975) was several times referred to by our speak-
ers, I should also comment on that. It is surely of interest that the chin-
chillas "classified" efie--sPeech stimuli, so as to put the boundary in much the
same place that human, isteners do. ;Given that the relevant acoustic Sue is the
relative time of onset of two parts of the pattern, it is also of interest that
research with nonspeech sounds has found a categorical "notch" in the°,auditory
system at a relative displacement apprOliri teto the speech-sound bdiindary
(Miller, Pastore} Wier, Kelly, and Doolin , 1974). In the case Of the voicing,
distinction, it'may be, therefore, that in the development of language, nature
took advantage, of a categorical distinction charadteristic of some mammalian
auditory systems, though special adjustments in the articulatory mechanisms
would presumably have. been necessary to get them to produce accurately just that
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small difference in timing required to put the sounds within the preset (and
rather narrow)'constlihints'of the ear.'

I nevertheless have several reservations, even about this apparently simple,
case. Using an expanded range of the same stimuli that were used in the ,chin-
chilla experiment, Wilson and Waters (1975) found that variations in stimulus
range caused rhesus macaque monkeys to shift their "boundary" from 28'msec,
which happens to be about where the chinchilla boundary was, to 66 msec. (They

also found some tendency toward categorical perception, wherever the boundary
was.) That kind of change, which implies that the monkeys may have been split-
ting the range, does not occur in human, subjects. fSee, for example, Sawusch,

Pisoni, and Cutting (1974).] The possibility that such a change might occur in

chinchillas was not controlled for.

My other reservation arises from the fact that the human boundary is not
fixed at either of the boundaries so far found with animals and with nonspeech
sounds, but rather varies (together with the categorical notch) from 18 msec to
as much as 45 msec as a function of the duration of the transitions andthe fre-
quency at which the first formant begins (Stevens and Klatt, 1974; Lisker,
Liberman, Erickson, and Dechovitz, 1975). (The variation with duration of the
transitions may reflect a normalization for rate of articulation.) I would be

interested to know if the chinchilla's boundary moves in the same way. It would

also be interesting to know if the chinchilla, or any other animal, appreciates
that the voicing distinction is, indeed, the same in those cases in whicirthe

relevant acoustic cues are entirely different. What happens, for example, when

the distinction is moved from initial position (e.g., [in] vs. [pr], which is

the kind of distinction so far studied in animals)to intervocalic position
following a stressed syllable (e.g., [racbid] vs. [racprd]), where a sufficient
cue is the time interval between the two syllables;' or to final position [e.g.,

[raeb] vs. [raep], where a sufficient cue is the duration of the preceding.

vowel (pus consonant-vowel transition)]? To "understand" that such distinctions

have something in common despite gross difference in the acoustic cues would
constitute an impressive demonstration of phonetic interpretation.

We come now to that part of this evening's program that touched more
dit4ectly on the matter of specialized phonetic processes. The relevant paper

was given by Richard Warren. He reminded us of his earlier experimentsvery
important experiments, in my view - -in which he found that the auditory system
does not measure up to one of the requirements of phonetic perception. The re-

quirement is that the order of the phonetic segments be preserved; the word "bad"
is different from the word "dab." Now if we measure the rates at which speech
is produced and perceived, we find that the durations we can allot to the pho-
netic segments are often very short. Indeed, those durations can be as little

as 50 msec per segment or, for.hrief periods, even less. ,But Dr. Warren has

found with nonspeech sounds that the ear cannot properly cope with segments of
those. temporal dimensions. At the,very short durations that we can assign to
phonetic segments, the eatican discriminate ond order of segments from another- -
that is, it can hear distinctively different patterns--but, as Dr. Warren told
us, it is unable to identify the separate comp9nents in the order of their

occurrence. Now I will not here review ocomMent on Dr. Warren's solution to
this very real problem. I will rather offer an alternatiVe, which is that in '

perceiving the order of the phonetic segments we need not-rand indeed do not-

rely on the temporal order of acoustic segments. Indeed, I would argue that

even if the ear were able to identify the order of very short-duration acoustic
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segments, it could hardly make use of that ability in perceiving speech. That
would be so because the string of phonetic segments is drastically restructured
in the conversion to sound, with the result that segmentation of the sound does
not cotreipond directly to the segmentation of the message; accordingly, the

. segments are not signaled simply by acoustic events in ordered sequence. But,

fortunately for the integrity of the message, informationtabout segment order, is

nevertheless conveyed, though by acoustic cues that could be interpreted, I
should think, only by a device that "knows" the aecret pf.the code--that is, by
a phonetic device. 1

Let us consider, for example, the matter of segment order in the syllables
[ba] and [ab] and see how information about the phonetic structure is carried in
the sound. In produCing those syllables, the gestures.Ior the segments [b] and
[a] are not made discretely and in turn. Rather, as we well know, the gestures'
are organized into units larger than a segment -- something like a syllable, per-
haps--and then coarticulated. If the [ba] and fob] syllables had been produced
at a moderately high rate of articulation, we should then see for [ba] an
acoustic signal lasting perhaps 70 or 80 msec and containing three formants that
rise from the beginning of the acoustic syllable to the end. Poi' [ab] we should

see the mirror image--that is, three formants that fall. If we search put the
information about [], we find that it exists not just at the beginning (for
[ba]) or at the end (for [ab]), but throughout the acoustic syllable. Iformo=
tion about the vowel is also carried from one end of the sound to the other. It

is as if the coarticulation has effectively folded consonant and vowel into the
same piece'of sound. AS a result, there is rib acoustic criterion by which one -

can divide the speech signal into segments-corresponding to the segments of the
phonetic message. A further consequence is that the cues for the segments must
necessarily exhibit a great deal of context-condit pried variation: the transi-
tion cues for the consonant, for example, are ri ng in the one case and falling
in the other. (It should be remarked that when e listen to those transitions
in isolation we hear rising and falling'glissa dos, just adour knowledge of
auditory psychophysics would lead us to expec

To explain how a listener might recov r.the identity of the,segmentsthat
is, know that there is a consonant [b] and *vowel [a] - -we might suppose that
there is a specialized phonetic device .that can "hear through" the conte4tt-con-
ditioned variation in the acoustic cues and arrive at"the canonicallor4
the segments. If so, then that same devite could use the same context-cc:44i-
tioned variation to discover the order of the segments: for if the rising pat-
tern contains a [b], then it could only be a syllable - initial [b]; and if the
falling pattern contains a [b], it could-Only be a syllable-final [b]% Thus, I
would suppose that perceiving the order of the phonetic segments does not depend
on the ability of the ear to deal with discrete sounds'of short duratiop, but
rather on. the operatiort'of special phonetic device that is able to cope, with
the fact that information about.order is'1Often encoded in the sound as varia-
tions in acoustic.shape. Indeed, I woula suppose that such encoding would seem ,

nicely designed to evade just those limitations of the ear that Dr. Warren's
research has revealed.

I should comment finally on the paper by Philip Lieberman. His work is
especially interesting from my point of view because if offers evidence for a
specialization associated with the production of speech that is, in an important
sense, analogous to the transition detectors Of the auditory system: To see the
analogy, we should consider what might have occuxred as grammar--hence language--
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evolved. The view I want to present has been developaelsewhere.(Liberman,
1974)., so I will only outline it'here.

If, as in an agrammatic system of acoustic communication, the messages were
directly linked to sounds, the number of messages we could coMmunicate would be
limited to the number of holistically different sounds we can produce and per-
ceive. And that is a relatiVely small number. But grammar drastidally restruc-
tures the information in the message, making it appropriate, at the one end, for
the great message-generating capabilities of the brain and, at the other, for
the relatively limited abilities of the vocal tract and the ear to produce and
perceive.sounds. Viewed this way, the processes underlying grammar evolved as
a kind of interface between two different kinds of structures, adapting the
potentialities of the one to the limitations of the other. (My earlier,comments
on evading the auditory limitations described by Dr. Warren are an example of
this kind of grammatical' function at the very lowest, level 0) the joinguistic
system--that is, at the conversion from phonetic message to sound.) But it fs
also. possible that in this evolutionary process the strus..tdles being linked by ,

the grammar might themselves.have changed. On the perception side of the pro-
cess an example would be the development of transition detectors in the auditory
system to extract just that infotmation which the phonetic (graminatical) system
used in carrying out its peculiar function. And on the production side there
are the changes in the vocal tract that Dr. Lieberman has told us about. Those
changes have apparently made the vocal tract. less limited for phonetic.communica-
tion, and so have'reduced the mismatch between that organ and the message-
generating intellect, a mismatch otherwise taken care of by the grammar. We
might suppose that if we had to 'Speak with the vocal tract of a nonhuman primate,
the grammatical interface would have to be even more complex than it is.

I think I can justifiably end my comments on a hopeful note. Those of us
who care about speech and the biology of language have'Feason to.be encouDaged.
We now knOw enough about speech to be able to identify some of its most distinc-
tive characteristics--those characteristics, that is, that most Clearly imply
the existence of specialized linguistic processes. As a result, we_can fruit-
fully make comparisons with nonlinguistic processes in man and with any processes
at all in prelinguistic infants and (presumably) nonlinguistic animals. Indeed,

the comparisons are, for obvious reasons, easier to Ahke at the level of speech
than at the level of syntax, especially with infants and animals. Moreover., we
have started to make those comparisons! But we have only just started. There
are hundreds of experiments out there waiting to be done. -Until we see what
'results they produce, we would be well advised, I think, to suspend judgment..
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ABSTRACT

Past studies have shown that while vowels-can be produced with
static vocal-tracCconfigurations, the resniting.steady-state tokens
are misidentified frequently by naive listeners. The first experi-
ment compared the perception of isolated vowels with vowels spoken in
a fixed consonantal frame by the same set of 15 talkers. Vowels in
/p-p/ syllables were identifig4 with far greater accuracy than were

.comparable isolated vawels in both single and multiple'talkercondi-
dons. Acoustical analyses of the.test tokens showed that the poor
intelligibility of isolated vowels could not be attributed to talkers'
failure to produce these vowels'correctly. In a second experiment,
vowels in syllables in which= -the. initial and fnal stop consonant
-varied unpredictably from item to item were still identified with
greater accuracy than were isolated vowels. -These results offer
strong evidence that dynamic acoustic information distributed over
the temporal course of`he syllable is used regularly by the listener
to identify vowels.

*A partial Sulary of thebe results was yresented at the 87th meeting of the
'Acoustical Societygof _America, New York,, 25 April 1974, and published in
Strange, Verbrugge, and Shankweiler (1974). A more complete exposition of
the problem of perceptual constancy-1n speech perception may be found in
Shankweiler, Strange, and Verbrugge (in press)._
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INTRODUCTION

Vowels,, unlike consonants, can be produced and identified in isolation.
This possibility was exploited early in'the investigation of vowel quality, as
witnessed by studies of the cardinal vol4els (Jones, 1956). Sustained, "steady-
state" Vowels can be classified by freqtencies of the first two or three for-
mants (Potter and Steinberg, 1950). So successful were the efforts to locate
the acoustic information sufficient for the perception of sustained vowels that
the main focus of research on speech perception shifted to the search for the
consonantal'cues. But the supposition that the sound pattern is simpler in the
case of the vowels than the consonants is unsupportable if a distinction is made
betweem the sustained, isolated vowel and the vowel as it occurs in natural
speech.

Although they can be produced in a quasi- steady -state manner and in isola-
tion, vowels so produced must be regarded as laboratory artifacts. Ordinarily,
vowels occur in coartieulation with consonantg,in thp context of the syllable.
The acoustic information in coarticulated vowels is fused and carried in paral-
lel with the consonantal information. (See Liberman, Cooper, Shankweiler, and
Studdert-Kennedy, 1967; Liberman, 1970.) It was discovered long ago in tape-
cutting experiments of Schalz.(1954) nd'Harris (1953) that vowelquality cannot
be discretely localized in any si le portion'of the syllable, but is distrib-
uted throughout the period during ch voicing is present.

Studies of perturbations of formant frequencies brought about by uttering
vowels in the, context of syllables were carried out by Shearme and Holmes
(1962), Lindblom (1963), StdVens and House e1963), and 6hman (1966). These in-
vestigations demonstrated that steady-state values of the foments are rarely
attained because articulatory movement is more or less continuous. Thus, the
acoustic description of vowels in ordinary speech is a:good deal more complex
and problematic than is revealed by the classic studieg of the acoustic basis of ,

vowel quality.

If the acoustic structure of the isolated vowel often differs greatly from
the "same vowel" in context, it might be inferred that different cues are em-
ployed in vowel perception when the vowel is in consonantal context and when it
occurs in isolation. It is all the more interesting, therefore, to find indica-
tions in the phonetic literature that isolated vowels are difficult to perceive.
For example, Fairbanks and Grubb (1961) presented nine isolated vowels produced
by phonetically trained talkers to experienced listeners. The overall identifi7
-cation rate was only 74 percent, which contrasts strikingly with a rate of 94
percent oStainedlby'Peterson and Barney (1952) for perception of vowels in /h-d/
context. Somewhat better identification of isolatedfvowels was obtained by
Lehiste and Meltzer (1973), with only three talkers producing the tokens.
Fujimura and Ochiai (1963) directly compared the identifiabiflty of vowels in
consonantal context and in isolation. They found that the center portioris of
vowels, which had been gated out of consonant - vowel- consonant (CVC) syllables,
were less intelligible in isolation than in syllabic context. These'findings
suggest that isolated vowels are misidentified with significantly higher fre-
quency than vowels spoken in at least some consonantal environments. Could it

. be that the acoustic complexities introduced by syllabic structure better serve
the requirements of the perceptual apparatus than do quasi-steady-itate,formants?
If so, then it is surely inappropriate to characterize the cues for vowel identi-
ty in terms of static points in a space.defined by the first two formants.
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It seemed important, therefore, to attempt to demonstrate under carefully
controlled experimental conditions thatvowels in consonantal contexts are per-
ceived with fewer errors than "the same vowels" presented in isolation% A
further purpose of the research reported here was to investigate the sources of
information within the CVC syllable that specify the vowel and to explore how
that information is used by the perceiver in the process of perception... If it
is true tha
vowel, we rec
a facilitating
regarded as cons
vocal-traCt iff

on onantal environment generally aids in identification of a
ize that there is more than one way the environment might play
ole. 'One possibility is that portions of the signal commonly
nantal, such as transitions, might aid in normalization, for
ences. 'Experiments by Fourcin (1968) and Rand (1971) have

found that p&mptual boundaries etween stop consonants vary depending on the
vocal tract presumed to have produced a syllable. The phonemic identity of the
consonants was fixed and known in advance in the Peterson and Barney (1952)
study and in our own investigations (Verbrugge, Strange, Shankweiler, and Edman,
in press). In these cases, the transitions may have allowed listeners to scale
the'formant frequencies of the medial vowel according to the vocal-tract charac-
teristics of the talker and thus reduce vowel ambiguity.

.

On the other hand, isolated vowels may be difficult to perceive for a more
fundamental reason. It is possible that listeners' ordinarily rely upon informa-
tion distribUted throughout the whole syllable for identification of the, vowel.
This seems likely in view of parallel transmission of the consonants and the
vowel. If it is the case that syllable - initial and syllable-final transitions
specify the vowel as well as the consonants, we could assert that the vow is

inseparable from the syllable, that it is not specified b3 formant frequen ies
at any particular cross section in time, but rather is carried in the dynamic

A configuration Of the whole syllable. In this case the presence of transitions
should aid identification of the intended vowel whatever additional difficulties
maybe posed by confronting the listener with multiple vocal tracts.

EXPERIMENT I: PERCEPTION OF ISOLATED AND MEDIAL VOWELS' -

If consonantal environment aids in specifying vowel identity in either of
the two waYs.postulated above, we would expect that the perception of isolated
vowels would be less accurate than the perception of medial vowel", in listening
tests. where the tokens on a test were produced by different talkers. / Previous
studies on the identification of steady-state vowel stimuli support this hypoth-
esis (FaiOanks and Grubb, 1961; Lehiste and Meltzer, 1973). However, these in-
vestigations do not directly compare isolated'vowels with vowels in syllable
frames,when the number and type of talkers, number of response alternatives, and
other factors are held constant. Millar and Ainsworth (1972) report that Us-

._ tellers were able to identify synthetically generated vowels more reliably and
uniformly when the vowels were embedded in /h-d/ words than when the acoustically
identical segments were presented in isolation, ,We are not aware of any studies
that, directly compare,the perception of naturally produced isolated vowels with
vowels in context.

The present study comparps the identifiability of vowels produced in a
fixed consonantal frame with isolated,vowels when (1) a single talke% produced
all tokent on a particular listening test (Segregated Talker condition) and
(;) when tokens produced by several different talkers are presented in random
order (Mixed Talker condition). py independently Varying these two factors
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(consonantal context and talker variation), we can assess the relative contrib-
ution of each to the accuracy of vowel identification. Further,,the design
allow us to test the two hypotheses regarding the way in which consonantal in-
formation may be utilized. If consonantal environment alas in vowel identifi-
cation by serving as a calibration signal for vocal-ltract normalization, we ex-,
pect an interaction between the two major variables. That is, we expect that
the loss in ideritifiability of vowels due to the absence of consonantal transi-
tions will be more severe in those tests'where:talker identity changes, since
recalikration is necessary on each trial. Wexpect no significant disadvantage
of thWabsenCs of conqpnanthl transitions forthose tests in which talkeriden-

,

_ IANT is unchanged. Alternatively, if Consonantal transitions provide informa-
tIon:that specifies vowel identity independent of talker normalizatra, we ex-
pect no such interaction. The identification of isolated voweli should be less
accurate than of vowels in consonantal context both for tests' on which the
talker remains constant and for tests on which talker are mixed. -

This study compares listeners' performance on isolated vowel teats with
the results reported 'previously for medial vowels spoken in /p-p/ environment
( Verbrugge et al., in press). The tests were dir'ectly comparable on all fac-
tors, such as identity of talkers, order of presentation of alternatives, re-
sponse alternatives, and recording and reproduction conditions.

Method

Stimulus materials. The panel of talkers described in our previoug re-
search was also used for this study. Five men, five women, AndfiveChildren,
none of whom were trained speakers, were selected to represent a wide variety of
vocal-trace sizes and characteristic fundamental frequencies. According to the '

judgment of the experimenters, the talkers represented a fairly homogeneous
dialect group, that of the upper midwest region of the United States from which
the listeners were also drawn.

The materials for the /p-p/ tests (Mixed and Segregated Talker) were those
described in Verbrugge et al. (in press; EXp. II). Talkers read the test sylla-
bles, which were printed_individually on cards. .4-,Th/p-p/ words were also used
to represent the isolated vowels; talkers were instructed to pronounce the vow-
els as they would be pronounced in these key words. They were given one Prac-.
tice trial and were instructed to produce the tokens quite rapidly. Each talker
produced one token of each of nine isolated vowels: fi/, //, /c/, /m/, /a/,
/o /, /A/, /u/, /u/.

'For. the Mixed Talker Isolated Vowel test (Mixed 11 -11) three of the nine
vowels were selected for each`talker, corresponding to the three vowels he pro-
duced for the /p-p/ test. As in the earlier test, vowelswere assigned to
talkeri randomly with. the constraint that each talker contributed*Only one of
the point vowels. Thus, the Mixed #-# test consisted of five tokens of 'each -of

. nine vowels; each of the five tokens was spoken by 'a different talker. .

The Segregated Talker Isolated Vowel tests (Segregated #-#) were comparable
to the-Segregaied Talker /p-p/ tests described in Verbrugge et al. (in press:
Exp. II). One man, one woman, and one child each produced,a 45-item test that
contained five different tokens of each of the nine vowels.
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All teE*41timuli were recorded in a sound- attenuated experimental room with
a ReVox A77 stesteo tape recorder and Spher-o-dyne microphone. The 45 tokens on
a test were arranged in a random presentation order with the restrictions that

- the same intended vowel did not appear more than twice consecutively, and
'tokens produced by the same talker were separated by not less than eight tokens
(in the Mixed tests). Identical procedures were used to construct each,of the
four tests so that presentation order, timing, and peak intensity of test tokens
were identical for all tests.-

Procedure. Listening tests were presented to small groups of,)subjects in
a quiet experimental room via a Crown CX 822 tape recorder, MacIntosh MC40
amplifier, and AR acoustic suspension loudspeaker. Listeners responded on
score sheets that contained ni4 response alternatives, written out in full in
each row: "pip, pup,, pap, peep, pop, pep, poop, pawp, puup." Before the tests,

the experimenter pronounced each of the nine key words, drawing special atten7
tion to the last word, "puup," which stood for the syllable /pup/. For the
tests, the experimenter pronounced,each Ice,y word followed by the vowel in iso-
station, again with special attention to the /u/ alternative. Subjects the

Mixed Talker conditions were told they would hear "several different talkers";
subjects in the Segretated Talker conditions knew thay would hear only one
voice on each 45-token test.

r
Independent groups of subjects responded to the /p-p/.and the ii-ii Mixed

Talker tests. Each group of subjects completed two repetitions of the 45-token
test for a total of 90 judgment's subject,ubject, 10 on each intended vowel. In

the Segregated Talker conditions, three groups of subjects heard the /p-p/ teats
and another three groups heard th #-# tests. The order of presentation of the
Wan (M), Woman (W), and Child ( tests was counterbalanced across the groups
in the orders: 11WC, WCM, CMW. Data for only the first two tests were analyzed.
(i.e., MW, WC, and CM, respectively). Thus, the total number of judgments by
the Segregated test subjects was equivalent to that for the Mixed test subjects
(90 judgments) and any effects of fatigue or familiarity were equally distrib-
uted across the three talkers for the Segregated tests.

Subjects. The data presented here for-the /p-p/ conditions are those ob-
tained in the previous study (Verbrugge et al., in preds: Exp. II). Thirty:-

three subjects served in the Segregated /p-p/ tests (11 in each condition). and
'19,subjects were tested on the Mixed4p-p/ test. For the tests On isolated
vowels, 30 subjects were tested in the Segregated 4t4.test (10.per condition)
and 16 subjects heard the Mixed test. All subjects were paid volunteers
from undergraduate psychology classes at the University of Minnesota. All were

native speakers of English and most were natives of the-upper midwest region.

Results

Errors in vowel identificat on were tabulated for each condition; an error
was defined as the selection of a response other than that intended by the.
talker. The overall error rate for the four experimental conditions is shown
in Figure 1. The main comparison of interest is between performance reported
earlier for vowels in /p-p/ environment and Performance on the isolated vowels.
On the average, there were 17.0 percent errors on the Mixed /p-p/ test and 9.5
percent errors on the Segregated /p-p/ test. For the isolated vowels, on the

other hand, there were 42:6 percent errors on the Mixed test and 31.2 percent
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errors on the Segregated test.' Etrors summed over all nine vowels for each sub-
ject were submitted to a 2 x 2 analysis of variance for unequal cell frequencies-

. The main effects for talker variation (Mixed'vs. Segregated) and .consonantal
context ( /p -p/ vs.4-#) were both significant [F(1,94) . 21.18 and 125.17,
respectively, P. < .01]. However, to significant interaction between the two
variables was found [F(1;94). 1. 0.03].

50

40

GM Mixed Talkers
Segregated Talkers

Medial.
Vowels

P-P

Isolated
Vowels
#-#

Figure 1: Overall percent errors for vowels in /7p-p/ syllables and isolated
vowels. Open bars show errors for Segregated Talker conditions;
shaded bars show errors for Mixed Talker conditions.

.

These results indicate that while talker variation does contribute signifi-
cantri to vowel identification ertiors for both medial vowels and isolated vow-
els, the presence or absence of consonantal context is by far the more important
variable. Listeners misidentified approximately three times as many isolated
vowel tokens as they did the corresponding medial vowels. Thus, it appears that
the presence of a consonantal environment is much more critical for accurate
vowel identification than is familiaiity with the characteristics of the talk-
ers' vocal tracts.

The hypothesis that consonantal environment contributes to perception of
the vowel by providing cpes for talker normalization was not supported. There
was no interaction between the two major variables; the increased error rate due,
to the absence of consonantal context was almost as great when the talker was
constant (an increase of 22 percent) as it was when talkers Varied from token
to token (an increase of 26 percent). We can conclude that the efficacy of the
/p-p/ context in aiding vowel identification is directly involved with specifi-,
cation of vowel identity.
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A vowel -by -vowel analysis of the yentifiCation errors for the four experi-
mental conditions is presented in Table 1. (Confusion matrices for the /p-p/
and tests'are presented in Appendicds A-1, A-2,'A-3, and A-4.) It is read-
ily apparent that for every vowel category, in both Mixed and Segregated Talker
conditions, there were more errors for the isolated vowel than for the corre-
sponding vowel in the /p -p/ framp. This is strong evidence that the lack_of
familiarity with a talker's vocal tract is far less detrimental to accurate per-
ception of vowels than is the absence of information provided by a consonantal
environment.

TABLE 1: Expe-riment I: Identification errors (in percent) for each intended
vowel in four experimental conditions. Error rates excluding /a/q0/
confusions are,given in.parentheses. (See Footnote 1.),

Intended Vowel Segregated.Talkers

11-11 /p -p/

Mixed Talkers

11-1/ " /p -p/

i 16 < 1 26 1

I 14 - 4 23 2

46 12 62 27

26 2 48 19
a 64 (19) 23. (4) 61, (32) 20 (10)

29 (14) 18 (2) 30 (10) 27 (3)

A 42 ,'. 8' 63 15

U. 29. - 18 49 39
14 <1 23 . 3

Overall errors 'al% (25) 9% (6) 439, (38) 17%(13)

The data reveal differenees in the identifiability of particular isolated
vowels. The pattern of errors is quite similar to that found for medial vowels;
the vowels /i/, /r/, and /u/ are most accurately identified while the more cen-
tral vowels yield relatively more errors in identification. ,'It should be noted,
hpwever, that even'theformer show 'error rates from 14 to 26 percent when they
are presented without consonantal context, compared to less than 4 percent
errors obtained for these vowels in the /p-p/ context.-

A more detailed analysis was undertaken to evaluate the consistency of
these results. The percent errors obtained-for each'of the 45 tokens on the
Mixed #7-11 test was compared to the percent errors obtained for the comparable

1The extremely hig or rate for the vowel /at is, in part, due to the'consid-
erable confusion between (11-and /0/ in the dialect of the talkers. In

Table 1 the percentages shown in parentheses for these two vowels represent
the error rates excluding /4/7/0/ confuiions; that is, a respobse was counted '
correct if the subject identified an intended-ta2 either as /a/ or as /o/, and
likewise for an intended /0/. Adjtsted overall error rates also presented in
Table 1 show.that subtracting /a/-/o/ confusions has little effect on therela-,

tive differences among the four conditions.
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token on the Mixed /p -p / test. Isolated vowel tokens were misidentified more
often than 'medial vowels in 39 out of 45 cases, while two pairs produced an
equal proportion of errors. In-only four cases did the /p-p/ token produce

errorsrrors tharthe comparable isolated vowel. Thus, we can conclude that the
difference in error rates found between performance on medial and isolated vow-
els is consistent across individual tokens of the vowels as well as across vow-
el categories.

The overall results Of the Segregated tests show that isolated vowels were
identified far less accurately than were medial vowels, even when talker varia-
tion was absent. Error rates for the man, woman, and child on the Segregated
#-# tests were 33, 26, and 32 percent, respectively. Comparable error rates
for the Segregated /p-p/ tests, reported in Verbrugge et al. (in press), wet"
.9, 6, and 11 percent, respectively. The differences show a relatively constant
advantage of consonantal.environment for all three talkers, despite some vari-
ability in overall intelligibility of the'talkers.

In summary, it is clear-rtat-Cdhsonantal environment contribute-sr-TIM--
major way to the identification of vowels. We reach this conclusion whether we
regard the data in terms of overall results, the results` for particular 'vowel
categories, forsindividual tokens, or for individual talkers. Isolated vowels
are much afore poorly identified than vowels embedded in the /p-p/ context.

Acoustical Analysis

The results of this experiment-indicate that isolated, steady- state- vowels
are poor stimuli from the standpoint of the perceiver. The possibility remains,
however,-that the Perceptual problem in identifying isolated vowels is d result
of the way the talkers produced thpm. Phonetically untrained talkers may be
unable to produce specified tokens of vowels reliably in isolation. Acoustical
analysis of the vowel utterances by our panel of talkers was undertaken to in-
vestigatd this passibility.

Center freluencies of the first three speech foments and the duration of
the vocalic portion of each syllable were determined from spectrograms and
spectral Sections ptoduced on a Voiceprint Sound Spectrograph. Recordings of
tokens produced by women and children were reproduced at half -speed for spectro-
graphic analysis; obtained frequency values were doubled to determine the
actual formant frequencies of these tokens. Spectral sections were made at the
point of nearest approach to the steady state. (If theifiowel was diphthongized
by the talker, measurements were obtained from the initial part of the vocalic
portion of the syllables.) Two judges, working independently, determined the
center frequency value's for the speech foments to the nearest 25 Hz. Frequen-
cies repotted represent an average of the values obtained by the two judges.
In addition, measurements of the duration of the first-formanE periodic energy
were made.2

,

2
For many isolated vowels'and some vowels in /p-p4 frames, the offset of peri-
odic energy preceded, offset of higher formant energy considerably. However,
the rank order of vowels within each listening condition was the same even
when the duration of higher formant energy was considered. Tlurs, the conclu-
sions discussed in the 'text are valid for both measures of duration.
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Measurements were obtained for the 45'tokens of the Mixed Talker /p-p/ test
and the 45 isolated vowel tokens in the Mixed test. In addition, measure-
ments were Obtained for the remaining six isolated vowels spoken by each talker
that were nOt.incorporated in the Mixed 4i-1/ test. Thus, one token of each of
nine isolated vowels was measured for each of 15 talkers. For the Segregated
tests, one token of each of the nine isolated vowels was selected randomly from
each of the three talkers' tests. For comparison, the /p-p/ token that corre-
sponded to each selected isolated vowel was also analyzed.

TABLE 2: Average frequency values (in Hz) for the firet three speech foriants
of the nine isolated vowels, averaged over five talkers in ea".group.

a 3

F
1

F
2

F
3

M
W
C

M
W
C

M
W
C

355

385

357

2245

2792
3335

2937
3482
3880

447

482
580

1960

2325
2710

2575
3060
3630

635

747

755

1790
2157

2485

2510
2960 ,

3765

737

, 841
8

1697
2110.
2685

2445
2900
3680

757.

843'
1030

1220
1372

1565

2347
2915

3700

672
692

770

942
1312

1350

2453
2875

3540

685

815

895

1167
1525

1630

2307
2847

3725

497
577

557

1092

1399
1340

2352

2815

3613

337'

, 435

500

1042
1175
,1150

2165
2735
3150

Looking first at the analysis of the isolated ;.rowels spoken by the full
panel of talkers, we can ask whether the poor identification (43 percent errors)
was due to the talkers' inability to produce isolated vowels reliably. Table 2
presents the average values of the first three speech foments for the men,
women, and children. In Figure 2 the average values for the first and second
speech formants are plotted in a two-dimensional "vowel space." 00 the average,
our talkers' productions of the vowels in isolation werecsystematic in distrib-
ution and corresponded closely in foment values to vowels sampled by other
investigators (Peterson and Barney, 1952; Tiffany, 1959; Stevens and House,
1963). The formant frequencies showed systematic elevations from men to women
to children, reflecting a general decrease inthe size of these talkers' vocal
tracts.

Individual tokens of isolated vowels corresponded closely to values reported
in previous studies except for tokens of the vowel /3/ by all talkers, tokens of
/c/ spoken by the men and women, three tokens of /m/ spoken by children, and one
token of /u/ spoken by a woman. The deviation in /3/ tokens represents-a dia-
lectal difference between .our talkerd and those recorded by Peterson.and Barney
(1952): Stevens'ana House (p63) did not report data for this vowel.

The next question Of interest is whether the panel's productions of iso-
lated vowels differed greatly from their corresponding productions of vowels in

/' the /p-p/ consonantal frame. To answer this question, we compared the tokens
actually used in the two Mixed Talker tests. Figurs3 presents the average
values of Fl and F2 for, the medial vowels and isolated vowels,,pooled across
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AVERAGE VALUES FOR ISOLATED VOWELS

(FIVE TALKERS/GROUP.)
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Figure 2: Average Formant 1/Formant 2 values for isolated vowels spoken by

men, women, and children (five talkers in each group).

men, women, and childien. The vowels on the two tests occupied almost the same
area in F1 /F2 space. The second formant of the medial vowels showed a slight
migration toward the center of the space. This is an expected result of coar-
ticulation (where formants fail to reach a steady-state target) and is in
accord with results reported by Stevens and House (1963) for vowels produced
between consonants with labial and labio-dental place of articulation. A-
Tiffany (1959) noted; this reduces the acoustic contrast among vowels spoken in
a consonantal fraMe in comparison to isolated vowels. HoweNter,.the perceptual
data demonstrate that identifiability cannot be predicted from the spread of
'steady -state formant measurements; medial vowels were perceptually much more
distinct than vowels in 'isolatiori (83 vs. 57 percent correct identifications).

The two sets of vowels were very similar in formant frequencids, in both
the central tendency and the variability of values for each vowel. Even so,
there were a few,individual tokens that deviated markedly from the central ten-
dencies. It is of interest whether the considerably greater error rate for iso-
lated vowels over that obtained for medial vowels can b,e attributed priiarily to
the misidentification of tokens that were produced in a deviant manner.

One way to answer this question is toelook at thOse pairs of tokens that
contributed most to the difference obtained in the perceptual tests. For nine
comparison pairs, errors for the isolated vowel exceeded those for the medial
vowel by more than 50 percent of the opportUnities for error. It might be sup-
posed that the formant frequencies of these isolated Vowel tokens would show
the greatest deviation from the average values and from values for the comparable
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AVERAGE VALUES ON P-P AND -
' MIXED TALKER TESTS
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Figure 3: Average Forman t 1/Formant.2 values for vowels in /p-p/ syllables
(solid lines) and vowels in isblation (dashed lines). Values were
computed over .the five tokens of each vowel in each Mixed Talker
test.

<P.

medial vowel. This is not the-case, however,. as may be seen from Figure 4,

which shows the nine vowel pairs. For some4of these pairs, the first- and
second-formant values for both the isolated and medial, vowels fell within the'

range of variation for the appropriate vowel category. For the vowels /m/,

/a/, and /14 both isolated and medial vowels were displaced from their typical

positions. Finally; for the vowels /u/, /et, and 'one pair of /A/, the isolated

vowel might be considered less confusable acoustdcally,than its counterpart in

medial position. Thus there seems to be no close corres2OndenCe between per-
ceptual confusability and acoustic deviation from some expected (target) value.

This does not mean, of course, that variations in formant frequency posi-

tions have no effect on perception. There were a few pairs of tokens that were

Pmisarticulatee on both the /p-p/ and it-it tests and that contributed-relatively
greater numbers of errors in identification. (For example, one woman's produc-

tion of /u/ was quite deviant on the medial vowel test, as well as on the iso-

lated vowel test. Listeners made 38 and 100 percent errors on the isolated and

medial tokens, retpectiveli7.) However, with respect to the present comparison,

the salient ppint is that deviation in formant structure cannot account for the

large and consistent differences between perceptual tests of isolated vowels

and vowels in a fixed condonantal frame.

Measurements of formant frequencies of tokens from the Segregated Talker

tests corroborate the results for the Mixed Talker tests. Since measurements

were made for only a sample of the total set of items, we cannot be sure that

deviations in the production of isolated vowels were not responsible for their

inferiority as perceptual targets. However, the tokens that were measured gave

J9
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Figure 4: Formant 1/Formant 2 values for the dine pairs Uf"Vowels on the
Mixed Talker tests that sontributed Most to the difference in.
identification errors. 'Vowels in /p -p/ syllables are indicated

-
by the subscript 2.

no indicatioutfiat the three talkers produced the isolated vowels less consis-
tently than they did the medial vowels.' A comparison of pairs of tokens showed
that isolated and medial vowels were similar in all but a few cases. Deviations
.from the normal range of formant values'were as likely to be obtained for a
randomly selected medial vowel as they were for a randomly selecteeisolated
vowel. Thus, the consistent advantage found in perceptual tests for medial
vowels over isolated vowels, for all three talkers and all nine vowel categor-
ies, cannot be attributed to deviant formint frequencies of,isolated vowels. '

While there was no indication of large differences in the formant structure
of the vowels in isolation and those in syllables spoken in citation form, these
two sets of tokens did differ considerably in terms of overall duration.
Table 3 gives the average duration of the voiced first formants of Isolated and
medial vowels in Segregated and Mixed Talker tests. The isolated vowels'were
much longer on the average than were the medial vowels. However, a more impor-
tant consideration is the relative durations of the vowels in the two.sets.
More specifically, are the relative durations of isolated vowels different from
those typically found for - vowels in consonantal context?

The relative durations of vowels in /p-p/ frames were similar to the values
reported by Peterson and Lehiste (1960) and_House and Fairbanks (1953). The
vowels, /I/, /e/, /A/, and /u/ were the shortest in duration; /i/ and 6/ were
intermediate; and /a/, /o/, and /m/ were the longest' vowels. The only exception
to this in our data was the vowel /u/ in the Segregated /p-p/ test, fpr which
the average duration was considerably shorter than that reported by other re-
searchers.
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TABLE 3: Experiment I: Al4rage durations (in msec) of the vocalic portion of

tokens in four experimental conditions. Asterisks indicate'deviant

lengths (see text).

Intend d Vowel Segregated Talkersa

, -4 /p-p/

Mixed Talkesb

#-# /p -p/

.v..

i

i

e

m
a

o

A

u

u

Overall errors

..

315,

22a.°'

226

328

313*
303*
246
242,

',311

279.1
t'

128
108
111
194

179
186
116

124'

109*

139

'

4

.. .

326*
196
245*
256

07
251

184'
259*
237

243.7

'

148

138

136

204

177

186
138

131
159

157.4

.4

aAverages based on three .randomly selected tokens of each vowelo'one from'

each of the three talkers.

b
Averages based on five tokens, each spoken Yy a different'talker.

f

As Table 3 indicates, relative. durations for the isolated vowels were'simi-

lar to those for medial vowels with the following exceptions: for the Mixed

#-# test, the vowels /i/, /e/, and iu/ showed longer relative durations than.

they did in consonantal context. For the Segregated test, the vowels /a/ and

.10/46fiowed shdrier relative durations than their counterparts in consonantal

frames.

The atypical durations of these isolated vowels cannqt account for the

consistent advantage of medial vowels over isolated vowels for every vowel cate-

gory in the perceptual tests. Even for the deviant vowels,.the confusion:pat-

terns showed no consistent trend toward responses that would be predicted on

the basis of the deviant durations. (See,AppendiCes A-3 an4. A-4 fOr confusion'

matrices.)
x

Discussion

In this study'we found that vowels produced in a fixed consonantal envirat7

ment were identified with much greater accuracy than were comparable steady-

state vowels produced in isolation. This was true both when variation due to

talker differences was present and when it was not. Thus, the expeAment Pt.p-

vides no evidence that coarticdlated conSonatts lacilitate,identification by\

enabling the listener to recalibrate for each new talker. Coarticulated conso,

nants are integral to the specification (4 vowels whether a'talker is familiar \

br not.3
4

3 It has been suggested that the relatively poor performance on the isolated

vowels might be due to the lack of correspondence betWeen the stimuli and the
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Acoustical analyses were undertaken to investigate the possibility that
untrained talkers fail to adopt consistent targets for vowels in rsolationi re-
sulting in a highly unreliable signal for perception. Although there were sys-
tematic acoustic differences between vowels prOduced to consonantal environment
and those produced in isolation, the large and consistent increases in confus-
ability among isolated vowels over those obtained for medial vowels could not
be explained by increases in the-acoustic similarity of vowel-categories when
defined by formant frequencies. Nor could these differences be attributed to
differences in the relative durations of the vowels in isolation and in context.
It is Interastineto note that medial,vowels tend to be more siGilar to'each
other than compafable isolated vowels in terms or the cross-sectional acoustic
parameters that have traditionally been used to.differentiate vowel classes.
This is additional support for the view that static descriptions of vowels are
inadequate for capturing perceptually relevant aspects of the acoustic signals.
Our results lead us to conclude that the acoustic information for vowel iden-
tity,:like that for consonants, is specified in the'dynamic configuration of
the Syllabic pattern as a whole.

In this study, the consonantal environment in which the vowels were pro-
duced was constant across all tokens. Thus, the listeners knew befOrehand the
identity of two of the .three phonemes in each test token: It is possible that
this knowledge (rather than the presence of formant contours) was the source of
superior identification for medial vowels. It would be of limited interest if
consonantal environment aided in vowel identification only in this circumstance,
since it is not generally the case that listeners have advance knowledge bf
consonantal identity in natural listening conditions: We therefore undertook
an additional experiment to test the effects of a varying consonantal environ-
ment on the identification of medial vowels.

EXPERIMENT II: PERCEPTION OF VOWELS IN CVC SYLLABLES

6

We wanted to determine whether a consonantal context that varies from
trial to trial (and is therefore unpredictable by the listener) prbvide%,

orthographic representation of the alternatives provided on the response forms.
For both /p -`p/ and #-# conditions, subjects were required to-respond by select-
ing the appropriate,/p-p/ syllable, for example, peep and pip: Thus, subjects
in thee1 4condition had to "decode" the orthography to match the isolated
vowel, whereas subjects who heard medial vowels had only co match the ortho-
graphic syllable to the perceived syllable. Since the preparation of this
manuscript,,we have used different response forms for both /p-p/ and`#-tests.
The symbold on the response forms corresponded to vowels in isolation, for

.

example, EE, IH, and EH, and subjects were given practice to make,sure they
could use the symbols appropriately. Results of these studies, when compared

6 to those from conditionS usingithe syllable response alternatives, showed no
difference in performance fOr the isolated vowels. On the other hand, errors
for-vowels in /p-p/ Syllables were somewhat greater when we used the, isolated
vowel symbols. However,, identification of medial vowels was still significant-

.

ly better'than for isolated vowels. 'further Studies of the effects,of differ-
ent response forms are underway and will be reported in a subsequent article.
We feel quite confi1ent that the large and consistent difference's found in the
present study were due primarily toperceptual effects.

6'
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important information for vowel identification. We again included conditions
where the talkers varied from trial to trial (Mixed) and where the same talker
produced all tokens on a particular test (Segregated), in order to investigate
the possible interaction between talker variation,anirknowledge of consonantal
context.

Method

Stimulus materiaL The test syllables Were composed from six stop
consonants, /p, t, k, b, d, gf, and the nine vowels used in Experiment I. A
panel of four adult talces, four adult females, and four children (a subset of
the 15 talkers used in Experiment I) each produced six tokens for the Mixed
Talker condition, resulting in a test-series of 72 syllables. Within this
series, each vowel occurred 8 times and each initial and final consonant occur-
red 12 times. Consonants and vowels were paired such that each vowel,was pre-
ceded and followed by each cpnsonant at least once. (Both symletrioal and nbn-
symmetrical pairings, were used; for example, syllables such as /t-t/ and /d-t/
both appeared in the test series.) The assignment of.syllables to talkers was
random with the constraint.that a talker did not produce the same vowel more
than once, nor the same initial consonant more than twice.

The talkers read the test syllables from cards on which they were printed.
in standard English orthography, except in cases where no unambiguous English
spelling existed. For the'se items, key words were provided beneath the test
syllables to indicate that pronunciation of the vowel. All test stimuli were
*recorded using the equipment and procedures described in Experiment I.

,

. The 72 t
test 'syllables were arranged in an order of presentation with the

following restrictions: (1) the same intended vowel'ilid.not occur more than
twice consecutively, (2) there was an equal number of tokens of each intended
vowel in the first and second half of the test, (3) the same initial consonant

-did not occur more than twice cbrisecutively,.(4) tokens produced by the same,
talker were separated By not less than six tokens, and (5) each talker occurred
'equally often in the first and second half'of the series, For the Segregated
Talker tests, the same three talkers were recorded as in(the Segregated tests
in Experiment I. Each talker recorded the entire list of 72 syllables in the
same order as for the Mixed Talker test'.

Procedure. Listening tests were administered to small groups of subjects
using the eqdipment and procedures described in Experiment I. Listeners re-
sponded on score .sheets printed with columns of key letters representing each
of:the nine vowels. Above each columns, key Words containing these letters 'were
printed as follows: "sin .sum sand seen shop 'sent soon saw should."
The, key letters in the columns were preceded and followed by blank lines.' Be-
fore the listening test, the experithenter pronounced each key word followed by
its vowel in isolation. Special attention was drawn to the key letters:that
represented the vowel /u/.

Subjects' in the Mixed Talker condition were required to identify only the

vowel in each syllable. They did'this by circling, for each syllable, the key
letter(s) that symbolized the perceived vowel. Listeners beard the entire test

series twice for a total of 144 judgments per subject.7,

J '3
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Three groups of subjects were tested in the Segregated Talker condition.
Air three groups were ,required to identify only the vowel in the syllables, and
th4 did so in the same way is the subjects in the Mixed Talker condition. As
in Experiment I, each group of subjects heard the three talkersin one of three
order: MWC, WCM, or CMW. Again, data for only the first two tests were ana-
lyzed, making the number of judgments per subject equal to that for the Mixed
Talker tests (i.e., 144 judgments per subject). Subjects in all conditions
were told that some of the test syllables were real words and that some were
nonsense syllables, but that they were to ignore meaning and respond only on
the basis of the sound of the syllables.

Sub ects. All subjects, were paid volunteers obtained from undergraduate
psychology courses at the University of Minnesota. All were native speakers of
English and most were natives of the upper midwest region. Twenty-two subjects
served in the Mixed Talker condition. 'Twenty-four subjects were tested in the
Segregated Talker condition, eight with, each of the three counterbalanced..
order64 ,

Results and Disucssion

Table 4 presents the overall error,rates for the two,conditions of this
experiment along with the results of Experiment I for comparison. There was no
signigicpt difference between the error rates for the Segregated Talker condi-
tion 2.9 percent) and the Mixed Talker Condition (21.7 percent) [t(44 df) =
0.43].

TABLE 4: Overall identification errors (in percent) for Experiments I and II.

Experiment I

Experiment

/p-p/ Test
#4. Test

C-C Test

Segregated Talkers Mixed Talkers

9.5

31.2

22.9

17.0
42.6

21.7 :

The major question'of interest was whether consonantal context aids vowel
identification even when the context is unpredictable. The results for the C-C

' test syllables may be compared with those found in Experiment for /p-p/ sylla-
bles and isolated vowels (cf. Table 4). Por the Mixed Talker condition, vowels
in C -C syllables were identified with Significantly greater-accuracy than were
comparable isolated vowels, as tested by a median test: x2 (1 df) = 18.24, ,

2. < .01. The overall error rate of 21.7 percent for C-C syllables was not sig-
nificantly greater than the 17 percent errors found for vowels in /p-p/ sylla-
bles [x2 (1 df) = .23]. Thus, the results for the Mixed Talker condition are
clear; both fixed and variable consonantal frames produced a dramatic improve-
ment in vowel identifiability in contrast to.isolated vowels. The advantage of
-a consonantal environment obtains even when the identity of the Consonants is
not known in advance by the listeners.4

4
It is worth noting that tokens, by the subset of 12 talkers used in, the C-C
test yielded 20 percent errors on the./p-p/ test: Thus, if anything, errors

52

57



The overall results for the Segregated Talker condition were less conclu-
sive. Vowels in C-0 syllables we're, on the average, better identified than
isolated vowels: x2 (1 df) = 6.08, P < .02. However, unlike the Mixed Talker
results, listeners did not vowels in C-C syllables as accurately as .

vowels in /p-p/ syllables [x (1 df) = 25.6, P < .01]. The error rate for the
Segregated.C-C test appears:to be idiosyncratic in that there was no advantage
over, the comparable Mixed Talker condition. (For the /g-p/ and #-# tests; the
advantage of Segregated test over Mixed test was 8 and 12 percent, respectively:)

Table 5 presents the errors for each vowel category in the two C-C,condi7
tions. (Confusion matrices are given in Appendices A-5 and A-6.) Results.for
individual vowel categories in the Mixed Talker condition (right-hatul column)
verified the pattern found for overall errors. In comparison with the data for
the Mixed #-# test (Table 1), vowels of each category, with the exception of
/o/, were identified with greater accuracy when they were spoken in a variable
consonantal frame than when they were spoken in isolation.

TABLE 5:- Experiment II: Identification errors '(in percent) for each intended
vowel in two experimentalconditions.

Intended Vowel Segregated Talkers Mixed Talkers

i 8 6

r 12 17

e 14 ° 24 .

ae 13 , 15

.a 41 (15) 31 (7)

p 44 (10) 37 (11)
A 11 18

u 46 39

u 17 8

Overall errors 23% (17) 22% (16)

Restilti for individual vowel categories in the Segregated Talker tests
(left-hand column) showed an unexpectedly high error rate for back vowels, /al,
/o/, /u /, and /u/, for all three talkers. Errors on these vowels account for
the lack of an overall advantage in the Segregated condition over the Mixed
condition with C-C syllables. We currently have no explanation for this result.

,The results of this experiment support the claim. that consonantal context
alas in the specification of vowel identity by providing important acoustic in-
formation to:the listener. Even when the consonants are not known in advance,
listeners are much more accurate in identifying medial vowels in CVC syllables
than they are in identifying isolatedsteady-state vowels.5 The acoustic

in the C-C study are probably overestimated relative to the results one might
expect for a test including all 15 talkers*.

5 In a separate study, similar results were found when subjects were asked to
. identify both the consonants and'the vowel in each test syllable) Errors in
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effects of coarticulation carry substantial information about a medial vowel,
which aids in vowel'identification whether or not the listener has prior knowl-
edge o j the consonants'-identity. 6

SUMMARY AND CONCLUSIONS
yyy

.

.
9

In Experiment I, perceptual tests of vowels produeted ii, isolation and in a
- fixed CVC context by the same talkers demonstrated that'proAding_a conso ant 1

environment increases the likelihood of correct identificaion.of the
vowel. This was true both when talker variation was present and when it was
dot; the advantage of consonantal context was independent eLtalker variation.
Of the two factors investigated, consonantal context was much more important
than talker variation in determining listeners' identification of vowels. The
increment in error for isolated vowels in comparison to the medial vowels was
more than three times greater than the increment attributable to unpredictabil-
ity of talker.

We considered what might account for the difference in intelligibility be-
tween vowels in /p-p/ environment and in isolation. We concluded that the poor

41

v
vowel identification averaged 29 percent. Thus,even with the additional task
of identifying the consonants, error.rates were substantially lower than when
listeners were required to identify vowels in isolation.

6
Two aspects of the design of the C-C .tests make further interpretation of the
results problematic. First, although each consonant appeared equally often,,
the occurrences of consonants in initial and final position were not balanced
across vowels, nor were equal numbers of consonants contributed by different
talkers in the Mixed test. Asa ..resuXt, we cannot make precise statements
about the.relative adyantaggsrof fixed and variable contexts, about the inter-
action of context with talker variation, or about the relative-effects of dif-
ferent consonants on the identifiability of coarticulated vowels. A second
problem .codtern; a possible interaction between vowel categories and prior
familiarity with particular test items. Many of ehe'C-C syllables are words
that are familiar to the jisteners. If this factor has a major effect on the
perception of N.TOels in tasks like ours (in spite of the closed response set
and the instructions to ignore meaning), the superior recognition of C-C sylla-
bles might have little:to do with the type of acoustic information made avail-
able. If so, one might expect that listeners would do far better on syllables
that formed words than oh those that,were nonsense syllables. Of the 72 C-C
syllables included in the present experiment, 38 were English words. The over-
all error rate for these tokens in the Mixed Talker test was 15 percent, com-
pared to a'25 percent error rate for the 34 remaining C-C ,syllables. While
this suggests that linguistic experience is a factor in-vowel'identification
under these conditions, two further observations should be made. First, both
error raf4 are well below that obtained for isolated vowels. -Thus, if experi
ence is a factor at all; it is probably secondary to the presence of phonetic
context. Second, the error rates for the real words and nonsense syllables are
diffictIlt to interpret, since the fraction of C-C syllables that are real words
varies with different vowel categories. The analysis is,further complicated by
.intrinsic differences in perceptual difficulty among the nine vowels and by
differences among the C-C syllables in orthographic representation.
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intelligibility of isolated vowels could not be attributed to the tlikers' fail-,

ure to producee these vowels in a consistent manner or to their adoption of
aberrant formant frequencies. Measurements showed that formant frequency values
.and relative durations of isolated vowels were_generally quite similar to those .

of vowels in the consonantal frame. The relatiVe intelligibility of a token
-cannot be estimated very precisely from its position in the space defined by the
two foments', a fact alsonoted by Peterson andBarneY (1952).

The, second experiment showed that consonantal context aids vowel identifi-
cation even when the consonant frame varies unpredictably. Vowels produced in

randomly,varying,stop-consonant environments were identified more accurately
than were isolated vowels both when the talker was fixed 'within a test block and
when talkers, as well as context, varied unpredictably.

These results are surely puzzling if one makes. the assumption that target
frequencies of the foments alo ould fully specify the vowels. If that were
so, an isolated quasi-steady-s e utterance ought to be an optimal signal,for
perception. It is true that thetic steady-state vowels based on these for-
mant parameters are fairly intelligible to naive listeners and may be, identified .

quite consistently by experienced listeners (Delattre, 451). Moreover, in the
domain of automatic speech recognition, some success has been achieved with a
static model of the vowel. Gerstmen (1968) devised an algorithm based on fre-
quencies of the first and second formants of /h-d/ syllables. recorded from 76
talkers by Peterson and Barney (1952). Gerstman's algorithm sorted nine vowels
in this set with only 2.5 percent error, less-than was made by human listeners.
From such a result, one might infer that target formant frequencies can unambig-
uously specify the vowels of English as produced by a variety of talkers:

However; as we have seen, this conception of the vowel cannot be reconciled
easily with certain facts of perception. Vowel in isolation were poor signals
from the perceiver's standpoint, even though talkers adopted targets that dif-
fered little from those attained in.citation-form /p-p/ syllables. Thus, we, may

suspect that no single cross section through the syllable can fully specify the
vowel. This inference is consistent with previous studies in the phonetic lit-
erature, to which we have referred. It is also relevant,,in this context, to
mention the results ofman experiment by Bond (1975) on perception of vowels
created by iteration of a single cycle from steady-state vowel tokens. Percep-

tion of such vowels by naive listeners was even less reliable than the results
we obtained for unedited isolated vowels. If target frequencies alone were
fully adequate to specify the vowels, it is difficult to understand these
results.?

We are led to conclude that cues that are ordinarily.regarded as consonan-
tal contribute regularly to the perception of the vowel. We suspect that much
vowel information is,contained in formant transitions, as Lindblom and Stdddert-
Kennedy (1967) suggested some time ago. Whatever the nature of the contribution
consonantal environment makes to the identification of a vowel, the data we have
reviewed point to the general conclusion that no single temporal cross section
of a syllable conveys as much vowel information to a perceiver as is given in

. the dynamic contour of the fOrmants. Fram the standpoint of perception, it

7
The implications of the specification of -vowels in terms of idealized "targets"
is explored.further in Shankweiler, Strange, and Verbrugge (in press).
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would seem that the definition of a vowel ought to include a specification of
how the relevant acoustic parameters change over time. While listeners may be
trained to identify steady-state tokens accurately (Lehiste and Meltzer, 1973),
there is no reason to believe that the processes involved in this activity are
the same as those typically used for understanding speech in natural' situations.

Finally, these results may have implications for understanding the vocal-
tract normalization problem. Attempts to specify vowels across talkers have
usually taken as their basic data, the formant frequency values of a single
cross section of a syllable. Our research indicates that the human perceptual
system is ill-equipped to deal with such data. It would seem fruitful to renew
the search for invariants across talkers utilizing information defined over the
time course of at least a syllable.
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APPENDIX A: 'CONFUSION MATRICES

Tables report the frequency with which each intended vowel x was identified
as response alternative y. In addition,summary statistics for each condition
are provided: the percent error for each intended vowel, the overall percent
error, and the number of listeners (N).
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TABLE A-I: Vowels in /p-p/ syllables: Mixed Talker condition.a

Response
Intended

Resp
Percent

vowel i i c m a a A u u None error

i 188 1 .. 1 1 1.1
r 187 1 2 1.6
c 139 47 3 1 26.8
m 33 154°' 2 1 18.9
a 152 19 17 2 20.0
o 1 46 138 1 4 27.4
A 18 5 161 6 15.3
u 8 10 47 116 16 1 38.9
u 2 3 185 2.6

a
Overall percent error = 17.0 percent; N = 19.

TABLE A-2: Vowel in /p-p/ syllables: Segregated Talker condition.a

Intended
vowel i I e ae

ResponseResp

a ,o A u u None
Percent
error

i 329 1 0.3

I 3 '318 4 2 2 1 3.6
1 290 20 4 7 5 12.1

ae 5' 324 1 1.8

a 7 255 62. 4 2 22.7
55 .269 2 4 18.5

A 11 9 305 4 1 7.6

'411.29 19 272 10 17.6,

1 2 327 0.9

a
Overall percent error = 9.5 percent; N 33.
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TABLE A-3: Isolated Vowels: Mixed Talker condition.a

ResponseIntended Resp
Percent

vowel i I EMC10 A u u None error

i 119 30 6 1 4 25.6'
1 2 124 19 3 6 1 1 4 22.5
c 1 . 2 61 64 2 6 10 5 3 6 61.9
m 2 51 84 '3 10 1 6 2 1 47.5
a 1 1 20 62 47 21 2 6 61.3
o ' 1 2 2 18 112 17 6 1 1 30:0
A 1 6 32 31 60 22 4 4 62.5
u 1 5 , 3 J. 15 48 81 1 5 49.4
u 2 1 1 7 6 16 124 22.5.

a
Overall percent.error = 42.6 percent; N= 16.

0

TABLE Isolated vowels: Segregated Talker condition.a

Intended
vowel

Response
Percent

A. i c m a o A t; u None error

i 251 3 1 1 1 1 6, 33 3 16.3
1 5 259 21 1 /- 3 3 1 4 3 13.7
c 4 7 161 92 9, 6 9 7 5 46.3
m 48 221 3 18 3 2 3 2 26.3
a 2 37 107 135 17 1 1 64.3
o 1 1 12 43 214 19 6 4, 28.7
A 1 6 30 47 31 174 9 42.0
u 3 4 3 10 51 214 12 28.7
u ,8 1 1 3 1 2 3 22 258 1 4 140

a
Overall perceht error = 31.2 percent; N = 30.
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TABLE A-5: Vowels in C-C syllables: Mixed Talker condition.a J

Response
Intended

Resp
Percent

vowel ircmapAuuNone error

i 331 7 5 1 1 5 2 6.0
1 2 292 53 1 2 2 17.1
c 3 20 269 31 2 21 3 3 23.6
m 47 298 7 15.3
a 4 2 6 242 85 6 4 1 2 31.3
3 2. 3 1 2 91 222 ,18 6 4 3 36.9
A 21 5 14 4 289 17 1 1 17.9
u -, 1 6 1 8 10 70 214 41 1. 39.2

u. 5 2 ..7 6 16 323 8.2

a
Overall percent error = 21.7 percent; N = 22:-. 0

,..

a

TABLE A-6: Vowels in C-C syllables: Segregated Talker condition.a

Intended
vowel i 1 e mapAuuNone

Response
Percent
error

i 354 2 17 1 1 5 4' 7.8
1 4 339 35 1 1 4 11.7
c 10 21 329 13 1 1 . 1 8 14.3
m 2 1 28 333 2 7 1 10 13.3
a 1 1 23 225 100 15 4 6 9 41.4
3 1 11 130 217 4 10 4 7 43.5
A
u 2

..,

4

3

2

3

.

16

10

8

1

342

53

8

209 91
4

12

10.9

45.6
u 1 1 1 5 2 5 48 318 3 17.2

a
Overall percent error = 22.9 pecentf N = 24.
0 ,

,
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What Information Enables a Listener to Map a Talker's Vowel Space?*

Robett'R. Verbrugge,
+

Winifred Strange,
++
'Donald P. Shankweiler,+ and

Thomas R. Edman

ABSTRACT

Prior experience with a talker's speech contributes little to
success in vowel identification. Adult listeners averaged only 12.9,
percent errors on 15 vowels in /h-d/ syllables spoken in mixed order
by 30 talkers (men, women, and children), and 17.0 percent errors on
9 vowels spoken in /p-p/ syllables by 15 talkers. When the /p-p/
test series was spoken by single talkers, errors decreased by less
than half to 9.5 percent. Experience with known-subsets of a talker's
vowels did not significantly reduce errors on subsequent test tokens:
following the point vowels (/i/, /0./, /n/Lerrors averaged 12.2 per-
cent on vowels in /h-d/ context and 15.2 percent in /p-p/ context;
following three central vowels (hi, /m/,'/A/), errors averaged 14.9
percent in /p-p/ context. Precursors mainly influenced listeners'

response biases, rather than facilitating true improvements in vowel
identifiability. These results did not support the hypothesis that
point vowels provide listeners with unique information for normalizing
a talker's "vowel space." Etrors on vowels in,rapid, destressed /p-p/

*A partial summary of these results was presented at the 87th meeting of the
Acoustical Socipty of America, New York, 25 April. 1974 (see Verbrugge,
Strange, and Shankweiler, 1974; see also Shankweiler, Strange, and Verbrugge,

in press). This article is to be published in the Journal of the Acoustical

Society of America (1976).
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syllables (excised from sentence context) averaged 21.8 percent.
Errors jumped to 28.6 percent when point-voweL precursors were intro-
duced, while presentation of syllables in the original sentences
reduced errors to 17.3 percent. Sentence context aids vowel identifi-
cation by allowing adjustment primarily to *talker's tempo,,rather
than to'the talker's vocal tract.

INTRODUCTION

The acoustic structure of speech varies markedly from one talker to another.
The spectrographic measurements of Peterson and Barney (1952) showed that center
frequencies of vowel formants vary widely across men, women, and children, and
that considerable variation also exists among talkers of the same sex and age
group. Similar results were found' by Peterson (1961). This acoustic variation
is attributed to differences in the sizes and shapes of talkers' vocal cavities.
Since each talker's vowels are'idiosyncraticin their acoustic composition, it
has been thought that a listener, needs an extended sample of a talker's, speech
in order to identify vowel tokens accurately. In general terms, such experience
would enable listeners to adjust to each voice they encounter.

Instead of supplying typical frequency values for each vowel, experience
with a voice is thought to result in a tore general adjustment to the talker's
"vowel space." This assumes that a listener identifies a particular vowel of a
given talker in terms of the relation between its acoustic structure and the
acoustic structure of other.vowels produced by the same person (Joos, 1948;
Ladefoged and Broadbent, 1957.; Ladefoged, 1967). .The first sample of a talker's
speech will calibrate'(or "normalize") the framework to which the'llistener re-
fers later vowel tokens for identification. Ladefoged and Broadbent (1957)
tested this idea with synthetically produced stimuli and found that the pereep-
tion,of an acoustically fixed test word varied predictably as the formant fre-
quencies of a carrier sentence were shifted up or down. They interpreted this

result within the framework of_adaptation level theory (Helson, 1948), which
assumes that Perceivers. regularly gauge the range of a stimulus continuum in the

process of formulating psychophysical judgments. :

There have been few explicit hypotheses -about how much precursory speech
from a talker is required for accurate calibration and what phonetic information
is most effective., The most common suggestion, dating back to Joos (1948), is
that the point vowels /i, a, u/ are the primary calibrators of vowel space. The

most recent proponents of this view are Lieberman and his colleagues (Lieberman,
Crelin, andKlatt, 1972; Lieberman, 1973). They argue that experience with the
point vowels (or the related glides /j, w/) is a necessary condition for accur-
rate Jdentification of syllables produced by a.novef talker. They note that the

point vowels are exceptional in several ways: (1) they represent the extreme
positions in a talker's articulatory vowel space, (2) they represent the extremes
of formant frequency values in a talker's acoustic vowel space, (3) they are
acoustically stable for small changes in articulation (Stevens, 1972), and
(4) they are the only vowels in which an acoustic pattern can be related to a
unique vocal-tract area function tpdblom and Sundberg, 1969; Stevens, 1972).
Other vowels are ambiguous unlessMlibration to a vocal tract has taken place.

There is little evidence to support the claim of a special role for the

point vowels. Suggestive evidence is provided by Gerstman (1968), who developed
a computer algorithm for recognition of vowels. Gerstman's algorithm used the
extreme values of a talker's formant frequencies (usually those of /i, a, u/) to
scale all of the talker's vowels. The algorithm operated on these normalized
values and classified the vowels produced by the Petersonwa d Barney (1952)
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Panel with a high level of accuracy. fiowever, it must be reco gnized that, such

an algorithm is not a perceptual strategy, but only a logically possible strat-
egy. There is no evidence that human listeners perform the computations found
in Gerstman's algorithm (such as scaling formants cr computing their gums and
differences). The results of Ladefoged and Broadbent (1957) provide no assis-
tance on.the question of point vowels, since their study did not systematically
vary the phonetic content of the precuxsory speech4

Moth generally, there is reason to doubt whether a preliminary normalizar
t ion step plays the major role in vowel perception that is commonly attributed
to it. Remarkably low error rates haVe been found when human listeners identify
single, syllables produced by huMan talkers., Peterson and Barney (1952).and
Abramson and Cooper (1959) found average error rates of 4 to 6 percent when lis-
teners identified the vowels inh-vowel-d words spoken in random order by a
group of talkers. The test words were spoken as isolated syllables, and in most
.conditions.the listeners had little or no prior experience with the talker's
voices. On the face of it, these low observed error rates seem inconsistent
with ally theory that stresses the need for extended prior experience with a
talker's vowel space. However, it is difficu4-to assess the full significance

A of these findings, since several vowels were substantially more ambiguous than
the mean,error rates would suggest, and thepossible'role of point vowels in re-

..

Aucing thoscoambiguities was not explored.

For these reasons, it is worth investigating what information listeners
actually rely upon in natural speech for identifying the vowels produced by a
variety of talkers. There 1.8 currently no consensus about the perceptual ?rob-.
lem posed by vowels in.the context of a single syllable, nor about the informa-
tion gained during experience with-a voice. In particular,, here is no percep-
tual evidence that the point vowels_play a special role as calibrators of a
talker's vowel,space. The experiments reported here repfesent a systematic in-

vestigation of these questions.

4

2XPER1MENT I: PERCEPTION OF 2,ZOWELS IN /h-d/ ENVIRONMENT

Identifying ,a vowel in a naturally spoken syllable should be most difficult
when a listener has had no prior experience with the talker's voice. Thus the .

need for normalization over several syllables can best be Assessed by presenting

4
' listeners with a series of single syllables, each spoken by.a'different talker..m.
The presence of many natural sources of talker-related acoustic variation ( or
example, differences in age, gex;.vocal-tract size, and characteristic pitch
level} should"taximize the difficulty of such a test. These test conditio

. were approximated in the perceptual experiments of Peterson and Barney (1552),
who presented 20 tokens from each of 10 talkers (men, womett, and children) in
each block of trials, and Abramson and Cooper (1959), who used 15 tokens spoken

Eby each'of 8 adult talkers. Beth experiments studied vowels in a fixed /h-d/
consonantal frame.

7 0

Our first experiment also used /h-d/ syllables and addressed two major ,6.,

Aissues; (1) the need for extended 'familiarization with a talker's vowel spadP,
and (2) the pcissibie role of the point vowels as calibrators of that space. '

Compared to earlier studiesi'a greater effort Was Ahde,in this study to elimin-
ate-any potential contribution of familiarity with individual talkers' voices.

Thirty talkers eAbh spoke only three syllghEes.distributeetDrou'ghout the teSt. .

In anition, five diphthongs were added to the ten vowels studied by Peterson
r

.

,.
1.
Ar

.

6. 65

O
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and Barney in order to make all perceptual alternatiyes available to the listen-
ers: /i, 1, c, m, a, o, A, u, et, ou, at, au, ot/.

There werewo test conditions in the experiment, The No-Precursor test
contained a long series of /h-d/ syllables; vowel..identity and talker identity
were unpredictable from one syllable to the nex. In the Point-Vowel.Precursor
test, each /h-d/ test syllable was preceded by a string of three syllables con-
taining the point vowels /1,.a, u/ spoken by the same talker. The three vowels
were spoken in a /k-p/ consonantal environment;. thus, the precursor string con-
tained real words that were different from the test words. The listeners task
in each condition.was to identify the vowels in the test syllables. A compari-
son of the errors made in the two conditions provides a direct measure of the
information supplied by exposure to a talker's point'vowels. If the point.vow-,
els serve as primary calibrators of vowel space, one, would expect significantly
better vowel identification in the Point-Vowel Precursor condition than in the
No-Precursor condition.'

Method

1. Stimulus materials. Thirty talkers of varying ages, physical sizes,
and..characteristic pitch ranges were selected. The group included 13 men, 12
women, and 5 childien. All talkers spoke English as their native language,,but
they were heterogeneous in dialect.,

The talkers were recordpd individually in a sound-attenuated experimental
room with a ReVox A71 stereo tape recorder and Spher-o-dyne glcrophone. Each
Calker recorded the full Yistot 15-test syllables_ twice, plus two repetitions
of the precursor string: The syllables in each precursoi string were read at a

%rate of one per second. The ffrgt utterance of each syllable br ptecursor string
was used in the listening tests, unless the talker had clearly mispronounced it.

..

The test series for'each condition contained 90 test syllables, presented
in three blockt Of 30 syllables each. Each talker contributed'only three sylla- .

bias containing'different 'vowels to the test,.one syllable to each block. Each
vowel appeared a total of six times, twice within each block. Vowels were
assigned to talkers randomly. The order of presentation of syllables within
blocks was,random, with the following constraints:, (1) no less than ten trig t

intervened between tokens produced by the same talker in one block and the next,
and (2) noavowel appeared more than twice"in succession.

T

1PThe Point-Vowel PrecUrsor testwas constructed first. Test trials were
assembled in the order just de'scribed. For each trial, a precursor string was
rerecorded, followed. by, the appropriate test syllable fot the same talker. A
1-sec pause was inserted between the last precursor syllable and the test sylla-
ble. The same precursor,string preceded all.three of a talker's test syllabaes.
Peak intensity for each precursor string and test syllable was equalized within .

0.5 dB as monitored on thd VU-meter of the tape recorder. A 4-sec intertrial
interval was inserted between ach test syllable and the following set of pre-
cursors, and a 10 -sec interva was inserted between blocks of 30 syllables.

The No-Precursor .test wa constructed by rerecording.-the test syllables and
deleting the precursots. Thus the two tests contained identical test syllables;
the order o,t presentation, the intervals between successive test syllables, and
the intensity of the syllables were all the same. 4
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2. Procedure. Tests were presented to small groups of subjects in a quiet
experimental room via a Crown CX 822 tape recorder, Macintosh MC40 amplifier, and
AR acoustic suspension loudspeaker. The.output,level was the same for both
tests, as monitored by a Heathkit AC VTVM placed just ahead of the output to the
loudspeaker. The level was clearly audible in all parts of the room. Subjects

responded on score sheets that contained 15 response alternatives, all written
out in f411 and arrayed in rows as follows: "hood, head, hoed, heard, who'd,
hide, heed,/how'd, hud, hayed, hod; hoyed, had, hid, howed." They were told
that they would hear "several different talkers." Subjects in the Point-Vowel

1

Precursor condition were informed that each test word wo ld be preceded by three.
other words spoken lry the same person, and that listenin to those three words
might help them identify the fourth,. Subjects listened o the full test series
twice, for a total of 180 judgments per subject, 12 on each intended vowel.

3. Subjects. The listeners, were 37 paid volunteers from undergraduate
psychology classes. at the University.of Minnesota. All were native speakers of
English and most were native to the upper midwest region of the United States.
Seventeen were subjects in the No-Precursor condition, while 20 were subjects in
the Point-Vowel Precursor condition.

CResults and Discussion

a

.
,Errors in vowel identification lore tabulated for each condition. An error

was defined as a failure to select the vowel intended by the talker: the error

category included omissions, that is, failures to select any alternative. In

the No-Precursor condition, subjects made an average of 12.9.perent errors, and
in the Point-Vowel PreCursor condition, subjects averaged 12.2 percent errors an
the test syllables. Contrary to the prediction that point-V6wel precursors' t,
would substantially reduceerrors, the error rates for the two conditions were
not significantly different [t(35) = 0.57]. is

The error rate in the No-Precursor condition was somewhat higher than the.
error rates found in the two 'earlier studies'Using /h-d/ syllables. Peterson
and Barney (1952) reported an overall error rate of 5.6 percent. Their lower
observed rate may be due to the smaller number of response alternatives in their
study (10 instead of 15), the smaller number of talkers appearing in a particu-.
lar block of trials (10 instead of 30), and the larger total number of tokens
from each talker (20 instead of 6). Abramson and,Coopee(1959) reported an
error rate of 4.0 percent in a study involving 15 vowel atternatives and eight
adult talkers. In contrast:to the present study, talkers carefully selected
tokens they considered typical, and the listeners were familiar vith the talkers
(in fact, the group of listeners included the talkers). In addition, the number -

of talkers in the Abramson and Cooper study was smaller (8 instead_of 30) and
the total` number of tokens from each talker was larger (15 instead of 6). Thus

.there-are several possible sources for the higher error rate observed in the No-
Precursor condition of this study. But whatever the source, it must not lie
overlooked that 12.9 percent is a remarkably low error rate for a 15-alternative
response set, especially if one believes that a single syllable from a'novel
talker is a highly ambiguous entity.

Though experience with talkers' point vowels did not reduce overall errors,
it is important to determine whether the precursors influenced the.perception of
individual vowels. The'percedtage of errors made on each intended vowel is pre-
sented in Table 1 for each test condition. (Confusion matrices. for these
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conditions are presented inTables A-1 and A-2 in the Appendix.) Several re-
sults are worth noting. First, errors tended to be very high on the intended
vowels /a/ and /o/. Most of these errors involved confusions between the two
vowels. -In fact, confusions between /a/ and /o/ account for 39 percent .of all
errors made by listeners in the No-Precursor condition, compared to 28 percent
of all errors in Pe,terson and Barney's (1952) experiment. Thus, the phonetic
confusion between /a/ and /o/ may have contributed to the higher overall error
rate observed. in this study. The degree of confusability is not surprising
since little distinctjon is made between /a/ and /o/ in upper midwestern dia-
lects; most of the listeners (and many of the talkers) were native to that re-

% gion. The error rates for identifying these two vowels, excluding /a/-/o/ con-
fusions, are included in parentheses in Table 1. '

TABLE 1: Mean percent error-in ideritification of /h-d/ syllables.

Intended vowel

i

ae

Condition

No-precursor , Point-vowel precursor

1.0 0.0
20.1 29.6
19.1 9.2

12.3 9.6

a 48.5 (9.3)a 43.3 (4.6)
3 18.1 (9.3) 42.9 (19.2)

*ft
A 14.7 3.8

14.7 18.3

1.;\

8.3
0.0

1.7

0.0
et 2.4 2.1
OU 12.7 P. 4.6
ar 2.0 0.0
au 16.2 17.9
OI 3.9 0.0

0vera1 12.9 (9.7) 12.2 (8.0)

aParenthesized figures present the mean percent error when
, confusions between /a/ and /o/ are excluded.

Sedond, several vowels were identified very accurately, even in the No-
Precursor condition; This is true for two of the three point'Vowels (/i/ and
/u/), for /37, and for three of the diphthOngser/,- /art, and /or/). Low
error rates for /i/, /u/, and /3'/ were also observed by Peterson and-Barney
(1952). The presence of two point vowels in this group verifies predictions
that.they should be relatively unambiguous (cf. Lieberman et al., 1972), although
their role as calibrators remains in questiOn. The low error fates for diph-
thongs suggests that their addition to the responSe set did not contribute much
to the higher overall error-rate in this study. The error rate for the five
diphthongs averaged only 6 percent across the two conditions.
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Third, and most importantly, there was no consistent pattern of change when
test syllables were preceded.by point-vo0e1 precursors. This was true even for

the relatively ambiguous vowels. .0f the seven vowels showing a greater-than-
average number of errors in the No-Precursor condition, three showed an appatent
improvement following precursors (/0, ta/, /A/), while four showed an increase
in errors (/x/,-/o/, /u/., /au/). Thus, in terms of overall errors on individual
vowels, there was no consistent support for the hypothesis that experience with
a talker's point vowels allows a listener to disambiguate troublesome vowels.

The differences in error rate for individual voweld need to be interpreted
with caution. Differences in response biases in the two conditions could have
been responsible for some of the apparent changes in identifiability. That is,

a vowel could have been correctly identified more often simply because it was
more popular as a response. One indication of such a response bias is how often
a vowel is used as an incorrect response to other vowels; when the vowel becomes
more popular, the frequency of these false identifications increases.' Figure 1
depicts the results of a preliminary analysis fdr response biases. The horizon-
tal axis indicates the change in correct identification (in percent) between the
Point-Vowel Precursor and No-Precursor conditions. Placement to the right of
the central vertical line represents superior performance in the Point-Vowel .

Precursor condition compared to that in the No-Precursor condition. The vertical

axis indicates the change in false identification. (This is defined as the per-

centage of vowel tokens incorrectly identified as a particular vowel.) Place-

ment above the central horizontal line represents a greater frequency of false
identifications in the Point-Vowel Precursor condition relative to the No-Precur-
sor condition.

9

In this preliiinary analysis, "true" improvements attributable to precur-
sors may be defined by an increase in correct responses, coupled with a decrease
in false identifications.) Of the vowels that were most ambiguous in the No-
Precursor condition, only /a/ showed genuine improvement by this measure. Scv-

.

eral. less ambiguous vowels also showed genuine improvement:' /w, u, ou, ax, ox/.

On the other hand, a change in correct identifiEation that corresponds in sign
with a change in false identification may be.reprred to descriptively as a .

4

1
IC s important,,to note that the relationship between the scales on the hori-
zontal and vertical axes is arbitrary. For example, if a vowel appears in the
upper right -hand quadrant on a 45° line passing &rough the origin, this can-
not be interpreted as an increase'in correct responding that is-"perfectly cor-
related" with the increase in false responding. In Fignres, 1, 2, and 3, the

aspect ratios have been chosen.so that the ranges of values On each distension
are given roughly equal weight. It is also important to ,note that the differ-

ences plotted are linear functions of error scores. On either axis, the dif-
ferences indicate the relative contribution of,each vowel_tp the overall change
in percent identification. However, the values plotted give no mdication of
the proportionate change in identification on each vowel.' .For example, if vow-
el x increased in correct identification from 50 to 55 percent and vowel Y in-
creased from 94 to 99 percent, each would appear along the horizontal axis at
+5 percent, though the proportionate improvement is larger' for y. The dimary
goal of these figures is their heuristic value in visualizing relative direc-
tions of change in two variables. Choice of the linear transform shcold not be

interpreted as a claim about what differences represent "equivalent" changes'in
the recognition system.
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Figure 1: Change`~ in correct and false identification attributable to /kip,
kap, kup/ precursors" (/h-d/ syllables). Each axis plots the differ-
ence between the Point-Vowel Precursor condition and the No-Precur-
sor Condition.

"positive" or "negative bias." Two vowels, /e/ and /A/, showed a clear positive.
bias, while /tr,Ju/, and /au/ showed a negative bias. The,memaining ambiguous

-";4
vowel /07 shoved no sign of improvement: a large increase in false responses
was associated with a large decrease in correct responses.,

The analysis displayed in Figure cannot indicate which'changes aresig-
nificant departures from chance variability, nor can it fully disentangle ,changes
.in stimulus identifiability'from changes in response biases. The number of
false identifications of a vowel x might increase, not because of an increased
response bias toward x, but because the perceptual similarity (confusabifity)
of x with another vowel Y may have increased. Correct and false identification
scores for x will reflect the combined impact of changes in the similarity of x
to several vowels (some similarities may increase,.while others decrease)
and changes in response biases of all vowels concerned. 'Lucers Choice Axiom
(Luce, 1959, 1963) provides one means of modeling these interactions in a confu-
,sion matrix. The model assigns a similarity. parameter nxy,to each pairwise com-
bination of stimuli and a response bias, parameter Ey to each resporise alterna-

. tive. The combined action of these parameters determines'a predicted distribu-
tion of responses'in the confusion matrix.
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The Luce model is useful because it allows one to assess the significance
of changes in a similarity parameter from one condition to another.2 In the

present' experiment, any beneficial effect of hearing point-vowel precursors
should manifest itself in a decrease in pairwise similarity measures (i.e.,
pairwise confusions should decrease). Of the 105 possible pairWise combinations

of 15 stimuli, 12 pairs .accounted for 81 percent of the errors in The No-Precur-
sor condition and 88 percent of the errors in the Point-Vowel Precdrsor Condi-
tion. Similarity measures were determined for each of these pairs, and a
t-statistic was computed to assess the significance of the difference between
the measures for the two Conditions. Only two of the pairs showed a significant

change in similarity f4lowing.point-vowel precursors: /a-o/ and /o-au/: both

were cases of increasedtconfusability and both involved the vowel /o/. This was

a genuine decrement in performance on /o/, which cannot be attributed to an
overall change in response biases (as might be expected,from Figure 1). None

of the other confusable pairs shOwed significant changes in similarity.

These results have direct implications for the six vowels in Figure 1 that

showed change in the direction of "true" improvement: /m, a, u, ou, ax, Pr/.

The confusion pairs for which similarity measures were obtained include the
major sources of error for each of these vowels. With one exception, none of

these sources of error showed a significant effect of point-vowel precursdrs.

The exception was the confusability of /a/ and to/, which showed a large in-
crease. (The increase appeared mainly in incorrect /o/ responses to /a/, possi-
bly due to a contrast between tokens of /a/ in the precursor strings and the
test syllables.) In general, then, even the "true" improvements cannot be inter- '

preted as anything more than expressions of chance variability.

Thus,, the patterns of error with and without point -vowel precurgors were
similar, showing major differences only in the identification of /o/. The pres-

ence of these differences indicates that the precursors did have, an impact on

subjects' judgments; the nonsignificant difference in overall errors between the

two conditions cannot be due to inattention tb the predursor stx ngs. Even so,

2
The predicted frequency of identifying an intended vowel x as the response al-
ternative Y, ex:y; is defined by'die formula:

n n
e =YxY x
xy N.

/ 337 nxy
y=1

where N is the number of vowel categories (15 in Experiment I) nx is the
total number of intended vowels that were presented (12 per subject-in Experi-
ment I): These°"expected values" were estimated for each cell of the confusion
matrices, using an algorithm developed by J. E. Keith Smith at the University
of Michigan' Attheoretical limit, the procedure outputs the set of maximum
likelihood estimators for the observed.pattern of errors. The x-y similarity
parameters were estimated as follows: nxy = )(exveyx/ exxeYJ -

1/2. Since -ln nom,

closely approXimates a normal distribution, similarity parameters for two con-
ditions Mhy be compared using the t-statistic, t =.2(1n,n2 - ln 111)/(v1 + V2)1/2,
where V is the estimated variance,. A full development of this general procedure
.,May be found in Goodman (1969,41970).

t."

It)
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there is ino support in these results for the point-vowel hypothesis; the major
differences involved increases in ,ambiguity and shifts in response biases.

Perhaps the most striking result is that subjects generally had little dif-
ficulty identifying the test syllables, even when there was no prior information
about talkers' vocal tracts. It is possible that the level of identification
was so high in the No-Precursor condition that there was little room for improve-
ment: 87 percent may represent a ceiling, on identifiability of these test syl-,
lables under any conditions. Thus the failure to find 0 precursor effect in
this experiment might indicate (1) that point vowels do not bear the kind of in-
formation hypothesized, or (2) that there may be no need for such information,
if there are no errors that are a function of uncertainties in normalization.
It is necessary to know what component (if any) of the 12.9 percent error rate
is due to subjects' uncertainty about the vocal tracts to which they are listen-
ing.. This would define the maximum improvement in identification that could be
contributed by the presence of precursors. The next experiment was designed to
measure the error component attributable to vocal-tract uncertainty and to re-
assess the potential value of sample vowels in reducing that uncertainty.

EXPERIMENT II: THE PERCEPTION OF VOWELS IN /2_70 ENVIRONMENT

Two conditions in this experiment were designed-td measure the error com-
ponent in vowel perception that is attributable to tal er variation. In the '

Mixed Talker condition a large number of talkers spoke a series of syllables; bn
each test syllable the listener encountered a voice th was unfamiliar and un-
predictable. (This condition, is comparable to the No-P ecursor condition of
Experiment I.) In the Segregated Talker condition subj cts heard the same series of
syllables spoken by one person, So there was ample opportuhity to become famil-
iar with the voice and the talker was fully predictable fjom one syllable to the
next. The difference between the error rates in these EvIO conditions provides a
measure of the increment in perceptual error introduced by talker variation. ,

Two additional mixed talker conditions were included to reassess the role
of precursory information in reducing perceptual errors. In each condition, the
test syllables of the Mixed Talker test were preceded by a precursor string from

*. the appropriate talker. In the Point-Vowel Precursor condition, the precursor'
string was /hi, ha, hu/ (/h-/ syllables were chosen to facilitate articulation,
while minimizing nonvocalic sources of information). In the Central-Vowel Pre-
cursor condition, each syllable was preceded by /hi, hm, hA/.3 As was argued in
Experiment I, point-vowel precursors should substantially reduce errors if they
are privileged carriers of information for normalization. A comparable set of
nonpoint vowels should produce little or no improvement in identification, by
the same hypothesis. Finally, if the information available in point vowels is
essentially that gained,during extended familiarization with a vocal tract, then
performance injhe Point-Vowel Precursor condition should resemble that in the
Segregated Talker condition.

.

3
The term "central vowel" is used only in contrast to "point vowel,' not in the
more restricted sense found in traditional phonetic taxonomies. Of the six
central vowels so defined, a set of three with fairly wide dispersion in two-
formant space were chosen for this condition.
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Several changes'. made in the design of thig- experiment were intended to in-
crease the average level of errors beyond that found in Experiment I. First,
the consonantal context for the vowels was changed from /h-d/ to /p-p/. The
/p-p/ environment was chosen because vowel duration tends to be shorter in voice-
'less stop contexts than in voiced contexts (Stevens and House, 1963). Second,

an effort was made to reduce syllable duration and increase coartieulation ef-
fects by encouraging talkers to speak rapidly when recording the syllables.
Third, the five diphthongs and [J'/ were eliminated from the vowel set, since
they tended to produce few errors and would,be relatively uninformative in the
present design.

Method

1. Stimultts materials. A panel of 15 talkers (five men, five women, and
five children) was chosen to produce the test syllables for the mixed talker
conditions. They were selected to represent a wide variety of vocal-tract sizes
and characteristic fundamental frequencies. None were phonetically'trained
speakers. In the judgment of the experimenters, the talkers represented a fair-
ly homogeneous dialect group, that of the upper midwest region ffbm which the
listeners were also drawn.

The Mixed Talker tests consisted of 45 tokens, 5 tbkens of each of the 9
syllables: /pip/,./prp/, /pep/, /pmp/, /pap/, /pop/, /pAp/, /pup/, and /pup/.
Each talker contributed three test syllables. Vowels were randomly assigned to
talkers with the constraint that.each talker contributed three different vowels,
only one of which was a point vowel (/i/, /a/, or /u/). Thus, the five tokens
of each syllable type were spoken by different talkers. In addition to three
test syllables, each talker produced two sets of 'precursors: /hi, ha, hu/ and

/hr, hm, hA/. The syllables in each triplet were read at a'rate of one per
second. No attempt was made to control the intonation pattern, of the three-
syllable utterance.

The 45 recorded syllables.for the Mixed Talke,r test were arranged in a
random presentation order with the constraints that (1) the same intended vowel
did not appear more than twice consecutively, and (2) tokens produced by the
same talker were separated by not less than 8 tokens. A 4-sec interval was in-
serted between tokens,.and a 10-sec interval was inserted after each block of
15 'tokens.

,!4*

The Point-Vowel Precursor test was constructed by inserting copies of each
talker's point-vowel triplet in front of the appropriate three test syllables in
a copy of the Mixed Talker test. In each, case a 1-sec interval was inserted be-
tween the offset of the final precursor syllable and the test syllable.

The Central-Vowel Precursor test was constructed using each talker's cen-
tral-vowel triplet, according to the same prOcedures. Thus, all three Mixed
Talker tests contained identical test syllables; the order of presentation, the
intensity levels, and 9e intgrtrial intervals were all the same.

Fore the Segregated Talker test, one representative man, one woman, and one
child were selected from the full panel of talkers.4 For each component test (Man,

4The man, woman, and child chosen as "representative" were individuals'in each
group' of talkers whose test syllables produced,a close-to-aveiage number of
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Woman, Child) the talker produced the-full series of 45 test syllables, five
different tokens of each of the nine syllable types. The 45 tokens were
arranged in the same order as in the Mixed Talker test.5

2. Procedure. Tests were presented to small .groups of subjects under the
-same listening conditions as in Experiment I. Subjects responded on score
sheets that contained nine response alternatives in each row; "pip, pup, pap,
peep, pop, pep, poop, pawp, puup." The experimenter pronounced each word,

°drawing special attention to the last word, "puup," which stood for the syllable
/pup/. The three Mixed Talker tests were presented to independent groups of
subjects. Subjects completed two repetitions of the 45 test trials, for a total
of 90 judgments per subject, 10 on each intended vowel. Three additional groups,
of subjects listened to the Segregated Talker tests; each group completed all three
tests: Man (M), Woman (W), and Child (C). The order of presentation of the
tests was counterbalanced across groups in the orders: MWC, WCM, and CMW. For
each group of subjects, data from only the first two tests were analyzed. Thus.
the total number of judgments for the Segregated Talker condition was equal to
that for each Mixed Falker condition (90 judgments pet subject) and any effects
of fatigue or task familiarity were equally distributed across the three talkers
in the Segregated Talker tests.

3. Subjects. The listeners were 79 paid volunteers from undergraduate
psychology classes at the University of Minnesota. All were native speakers of
English and most were native to the upper midwest region of the United States.
In mixed talker conditions, 19 subjects near& the Mixed Talker test, 15 heard
the Point-Vowel Precursor test, and 12 heard the Central-Vowel Precursor test.
The remaining'33 subjects served in the Segretated Talker condition; 11 subjects
heard each of the counterbalanced orders.

Results and Discussion

In the Mixed Talker condition (without precursors), subjects made an aver- -

age of 17.0 percent errors in identifying vowels produced by-the panel of ran-
domly ordered talkers, while in the Segregated Talker condition, listeners averaged
9.5 percent errors for the vowels of the three single talkers. [The mean error
rates for the individual tests were 9.8 percent (Man), 6.8 percent (Woman), and .

11.8 percent (Child).] Familiarity with a talker's voice significantly dmproved
the accuracy of identification [t(50) = 5.14, 2. < .01]. Even so, this factor
accounts for less than half of the errors in the Mixed Talker condition.

There, are two ways to look at the error percentages for /p-p/ syllables. First,
on the Segregated Talker test, 9.5 percent is a relatively high error rate, con- '

sidering the complete predictability from trial to trial to both the talker's

- terrors on the Mixed Talker test, and who were available for further recording
' sessions.

5
Acoustic measurements of vowels in the Mixed and Segregated Talker tests are
reported in a companion study (Strange, Verbrugge, Shankweiler, and Edman, in
press). Average formant frequency and relative duration values were comparable
to those reported by Peterson and Barney (1952), Peterson and Lehiste ,(1960),
and Steyens and House (1963).
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voice and the consonantal frame. There are sources of vowel ambiguity not

attributable to uncertainties in calibration. Second, on the Mixed Talker test,
17 percent is a relatively'low error rate, given that each judgment is made with
no familiarity with the voice and without the tenefit of sentence context. This

erroz,rate is not substantially greater than the overall 12.9 percent rate foun
for /h-d/ syllables in a similar mixed talker test (No-Precursor condition,
Experiment I), though several changes were made that were. intended to increase
errors.6 There is clearly a great deal of information within a single syllable

1

. that specifies the, identity of its vowel nucleus.

The data for the Mixed apd Segregated Talker conditions challenge the assumption
that extended familiarization with a vowel space is the primary factor control,-
ling vowel identification. Even so, some information must be avatlable in a
series of utterances from a single talker, since lidteners correttly identified
more vowels in the Segregated Talker test'than in the Mixed Talker test. A vowel-by-
vowel analysis of subjects' errors indicates that this improvement was not dis-
tributed evenly among the nine vowels. The first two columns in Table 2 present
the error rate for each intended vowel in the Mixed and Segregated Talker conditions.
Three of the vowels /i, 1, u/ showed little change, since almost all tokens' were
correctly identified in both conditions. Of the six relatively ambiguous vowels,
only /a/ failed to show improvement, while familiarization aided perception of
/c, m, 3, A, u/. (Confusion matrices for these two conditions are presehted in

Tables A-3 and A-4.)

TABLE 2: Mean percent error in identification of citation-form /p-p/ syllables.

-..

Intended
vowel

i
' r

c 0
m
a

o

A
u

erall

Mixed
talker

. /
Condition

Segregated 'dint -vowel

' talker precursor

0

Central-vowel
precursor

1.1 G.3 3.3
4

3.3

1.6 2.7 i
1.7 a

26.8 2.1 4.7 / 10.8

18.9 1.8 20.7 . 18.3

20.0 :ram 22.7 (3.9) 43.3 (26.7) 29.2 (12,5)

2 (3.2) 18.5 (1.8) 18.7 (12.7) 13.3 (2.5)

15.3 7.6 9.3 22.5

38.9 - 17.6 26.7 29.2

2.6 0.9 7.3 5.8

17.0 (13.2) 9.5- (5.5) '15.2(12.i) 14.9 (11.9)

As in Experiment I, it is' important to isolate the,pontribution of response

biaies and to .discover whether any of the changes in vowel similarity reflect

factors other than chance variation. Again, both a graphic analysis and the

EL
The shift to a /p-p/ consonantal frame apparently d little effect'on the error

rate for the nine vowels studied here. Errors on hose nine vowels averaged

17.4 percent in /h-d/ syllables (with15 respons alternatives), compared to

17.0 percent in /p-p/ syllables..
75
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Luce choice model were applied to the data from the Segregated and Mixed Talker
conditions. The first analysis (presented in Figure 2) showed "true improve-
ment;', in the identification of /0, bE/, /A/, /u/, and /u/ in the Segregated Talker
condition. The apparent improvement for /o/ was associated with a large posi-
tive bias, while /a/ showed a negative bias. The Luce similarity analysis
showed significantly reduced confusions between the following pairs: /E-m/,
/a-A/, /n -u /, and /u-u/. These four confushble pairs were major sources of
error for the five vowels showing true improvement. Thus, the increases in cor7
rect identification for these vowels reflect more than chance variation. They
represent genuine compensation for confusions due to talker variation.

ZwO
0 -R.
CC <
W
0-
0

W Z
C.)
Z

LW

W
O= W
LL1 U)
l..
U.. <
O LL-

0

Negative Bias

Positive Bias

ae

"True"
A Improvement

-20 -10 , 10 20.

DIFFERENCE IN PERCENT
,CORRECT IDENTIFICATION

Figure 2: Changes in correct and false identification attributable to keeping
the talker constant throughout a test (citation-form /p-p/ sylla-
bles). Each axis plots the difference between the Segregated Talker
condition'and the Mixed Talker condition.

The failure to find true improvement for either /a/ or /o1 or a significant
decrease in their pairwise confusion reflects their somewhat ambiguous status in
upper midwestern dialects. On the average, errors, for /a/ and ioi were almost
as frequent for a single talker as they were for ,a mixed group of talkers.
Thus, the similarity of 'La/ and /o/ is apparently a function of the dialect, not
of unfamiliarity with talkers' voices.'

The kind of improvement resuming from familiarization with a talker's
vowel space may be summarized as f011ows: overall errors drop somewhat (7.5
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percent in this experiment), genuine overall improvement is found for several
ambiguous vowels, and there is a significant decrease in similarity for several
vowel pairs. If the point vowels specify efficiently the kind of information
gained during extended familiarization, we would expect a similar pattern of imp
provement in the Point-Vowel Precursor condition.

The results did not support this hypothesis. Exposure to a talker's point
vowels aided listeners only slightly, reducing overall eridors from 17.0 to 15.2
percent; the difference was not statistically significant [t(32) = 0.97). In the

Central-Vowel Precursor condition, overall errors also dropped slightly, to
14.9 percent, though again the change was not significant [t(29) = 1.21]. In

other words,..not only was there no evidence for a gain attributable to point
vowels, but there was no difference between the paint vowels and a set of non-
point vowels. In general, experience with specific sets of vowels seems to make.
little contribution to the total reduction of errors attributable to prior ex-
perience with a person's voice.

It is importantto determine whether these conclusions are affected by the
resUlts for individual vowels'. The right-hand columns in Tahle 2 present he

errors on each intended vowel followilifpoint-vowel and central-vowel precur-
sors. (Confusion matrices for these conditions ate presented in Tables A-5 and
A-6.) A comparison of errors in the Point=Vowel Precursor condition and the
Mixed.Talker condition (without precursors) is presented in Figure 3. In gener-

al, the point vowels did not produce a "true improvement" in the perception of
ambiguous vowels like that found In the Segregated Talker condition. Where similar
apparent improvements were found, they tended to be associated with much higher
relative levels of false identification in the Point-Vowel Precursor condition
(compare Figures 2 and 3). In other cases, apparent improvements found for the
Segregated Talker condition were not found with the point-vowel precursors. A Luce
analysis indicated that the only comparable change in pairwise similarities was
a substantial reduction in /c-m/ confusions in both conditions. nine of the
other reductions found with segregated talkers were found with point -vowel precur-
sors. In addition, the /0-A/ .confusion, which showed no change with segregated
talkers, showed a sharp increase in the Point-Vowel Precursor condition.

When the Central-Vowel Precursor condition was compared to the Mixed Talker
condition on a "vowel -by- vowel basis, virtually the same results Were obtained.
No vowel showed more than a marginal change in the direction of true improve-
ment, and a significant decrease in pairwise similarity was observed for /c-m/1
However, the increase in the /o-A/ confusion obgerved with point-vowel precur-,
sors was not observed here. Thus, to the limited extent, that improvements a
found at all with precursors, there is no evidence that the three point vowe s
are unique as sources of information about a talker's vowel space.

In general, however, neither set of vowel precursors were efficient car-
riers of the kind of information available in extended experience with a talk-
er's voice. Sets of vowels of known identity did not produce reductions in
overall errors, errors on specific, vowels, or pairwise similarities comparable
to those produced by extended experience.,

An extension of the Luce model allows one to make comparisons between the
overall error patterns for two expeiimental conditions. Specifically, one may

ask whether the same set of stimulus similarity and response bias parameters is
sufficient to describe both patterns, or whether different sets provide a closer
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I Figure 3: Changes in correct and false identifidation attributable to /hi, ha,
hu/ precursors,(citation-form /p-p/ syllables). Each axis plots the
difference between the Point-Vowel Precursor condition and the Mixed
Talker condition.

fit. In the latter case-, one may test models in which only the similarity
parameters for each condition differ,'in which only the bias parameters are dif-
ferent, or in which both parameter sets,differ.

Joint inodels for the Mixed ana Segregated Talker conditions suggest that the
dominant impact of extended familiarization is on perceptual similarity. The dif-
ferent- parameters model (X2/df 3:54), in which both sets differ, provides a
closer fit than the same-parameters model (X2 /df = 5.43).7 This improtement is

7
For ease of comparison, the goodness-of-fit for each model has been character-
ized brthe ratio of the maximum-likelihood x2 value to the number of degrees of
freedom. Most of the2 values are -Significant, and the Luce moddlt*appear.to
be rejected. However, these significance tests assume that the observed fre-
quencies manifest stable population probabilities. Analysis of the variability
among subjects revealed significant heterogeneity in their responses to several
vowel categories. Thus, the reported x2 values reflect substantial heterogene-
ity among ubjtcts, as well as deviations of the expected values from underlying
populatio value's. When Qjustments are made for the observed heterogeneity, the
fit of t e Luce models is much improved. The unadjusted x2 ratios provide a use-

ful mea re for present purposes, since the degree of heterogeneity was roughly

constan across the experimental conditions being compared,
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contributed largely_by different similarity Parameter's: the different-similar-
4

ities model (x2 /df t- 3.83) fits both conditions more sucessfully than the dif-
ferent-biase,model (x2/df = 5.27). Thid means that the.main effect of hearing
a single talkerp on a listener's ability to discriminate the vowels themselves,
not on the listener's response biases.

4.

4
A different result is found when the Mixed Talker condition is compared

with each precursor condition. In each case, estimating differentsimilarity
parameters fails to improve the oxerpll goodness -of -fit; different bias param-
eters, on the other hand, do-iminMve the model. When errors in Ehe Mixed Talker.
and Point-VoWeI Pregorsor conditions are jointly niodeled, the same-parameters'
model (x2 /df = T.68) fits substantially better than the different similarities
model (X2/df = 5.78); but not as well as the different-biases model (x2/df =

Similarly, when .errors in the Mixed Talker and Central -Vowel Prectitrsor
conditions are jointly modeled, the same-parameters model (x2/df = 2.66) is not
improved bytthe.additiQn of different similarity parameters (x2/df = 4.55), but
is improved by different bias parameters (x2idf = 2.35). Thus, the precursots
not only produced a pattern of similarity changes different from that hypothe--;
sized, but pioduced change''Oio a different kind .altogether. PrecurSors predom7
inantly af4cted listeners'orefeifences. for\various response alternatives,
,rather than their ability to'distinguish among intended vowels.

A possible shortcoming of 'the design of this.eXPeriment is that the test syl-
lables were not sufficiently "natural": since They Were spoken in citation form,
the formant frequencies of their vocalic centers would not Show the degree of
uariabal#y found for destressed vowels in rapidly articulated sentences. It

is possible that the task of perceiving rapidly spoken syllables' places a higher
4 premium on information about the vocal tract. Experiment III -was designed to
'determine whether point vowels would benefit listeners on a mixed talker,task
involOing rapidly articulated vowels.

EXPERIMENT III: PERCEPTION OF VOWELS.IN DESTRESSED /p -p/ SYLLABLES

In the rapidly articulated' syllables of connected speech, vowel durations
tend to be short and.vowel fOrthants are not likely to reach steady-state valued.
Formant values at the center of syllables in cOnnected.speech are different
Apra thpse found in single '`syllables spoken44n citation form, the degree of

,

deviation dependin&systematicallyon themrate of articulation and.the'amoune
of destres'eing'.(Tiffany, 1_959; Shearme and Holmes, 1.962;,Lindblomi 1963; Gay,',
1974)% If vowelperception involves relating vowels to'a "space" (defined by
some transformation pn ,formant frequencies), then the frequency variation con-
tributdg by speaking rate.sho ld, considerably enhance a listener's,difficulty.in

o . calibrating to a talker's . This experiment exploresyle perceptual prop -.
Iv posed when both talker- pendent and rate dependent variation are present.,
The error rate for single, apidly articulated syllables excised from carrier ,

sentences ghouldbe substan iellygreater than that Mind for syllablea.spoker(
'in isolation. Given the-(presumably), more difficult ,task ofidentifying a rapid,
destressed syllable, information about a talker's point vowels may play a:larger.
roldohan was found in preceding experiments.

'
,

!The experiment consisted Of three test conditions. In the No-PrectersOr
condition, listeners heard a mixed talker test containing /p-p/ SyllablestpOken,,
by Ole same panel of talkers used in EXperiment II. The syllablesiwere dpoken

.
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/ Cel

'444

79,,

1



.#
in destressed position In the-context of a full carrier sentence and were ex-
cised for use in the test. .In the Point-Vowel Precursoi condition, each test

.syllable was preceded by a point-voWel precursor ,.string spoken by'the appropri-
ate talker. In the Sentence Context condition; each'test syllable was heard in
the 12xt of the carrier sentence in whiCh it was originally produced: One
woulltiDect the error rate in this condition to be lower than that in the No-
Precursor (and no context) condition, since more ihformation is available about
the'talkers prior to the test syllables. If so', the degree of improvement pro-
vides a measure of the information supplied by sentence context, when no seman-
tic factors are involved. The pattern of,improvement-ollowing point-vowel pre-
cursors should be similar, if the predominant effect of hoih types of context.
(precursor and sentence) is to-allow calibration to a talker's.vowel space. '

Method

'1, Stimulus materials. Each of the 15 talkers contributed the same three
syllables they had produced for the mixed talker tests in Experiment II. In all
three conditiOns of this experiment, the order-of talkers and test syllables was

.the same as in the earliergexpeilment: The teats contained five tokens of each
of nine /p-p/ Wordsl,each.of the five tokens was produced by a different talker
and each talker contributed only one point vowel. The test syllables were
spoken in the f011oWing carrier sentence: "The little p-p's chair isired.".
Talkerd were instructed to read each sentence rapidly/ stressing the word
"chair."

The test syllables were excised from copies"of the carrier sentences for
use in the NO-precursor/and Poin0Vowel Precursor tests. Each recording was

'. monitored and the audio tape was cut within the silent' interval just preceding
the release burst of the initial /p/ and during the silent closure interval of
the final /p/. Tlius, the, final /p/ of the test syllables did not include a re-.

' lease from closure. To produce the No-Precursor test, 1110 45 excised syllables
were assembled in the Presentation order and then rerecorded as in Experiment II.
The Point-Vowerl Precursor,test was constructed by inserting copies of each

' talker's point-vowel triplet in front'of the appropriate three test syllables in
a copy of the No-Precursor test, using the same precursor strings and recording
r
procedure as,in Experiment.II., Thus,.the No-Precursor and Point-Vowel Precursor
tests Contained identidal test qyllables, with the 'same order of presentation,
intensity levels, and intertrial intervals, and eachNas Comparable in these re-

t speces to the miffed talker conditions of Experiment II,__The_SentencP Context
test was4constructed using copies e original carrier sentences. The order

. of talkers and component test syl ables was the same as that in the other two
tests. A 4 -sec interval was inserted between each sentence.

2.' Procedure. Tests were presented to smasllgroups of subjects under the
same conditions as in previous experiment . Subjects in the Sentence Context
condiiion were told that each. test word would be spoken in the piddle of the

.same sentence: ."The little (domething)'s chair is red." The three tests were
presented to independent groups of subjects. Subjects completed two repetitions
of the 45 test trials, flOr a total of 90 judgments per sulject, 10 on each in-
tended vowel. '

A
e

',

3. Subjects. The listeners were 52 paid volunteers from undergraduate
psychology classes at the University of Minnesnta.. All were native speakgrs of

,
. t, . ,,
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.nglish and most were native to the upper midwest region. Twenty were subjects
in the No-Precur'Sor condition, 17 in the Poifit-Vowel Precursor condition, and 15
in the Sentence Context condition. _

Results and Discussion

Listeners averaged 23.8 percent errors in identifying the vowels in the,ex-
.

cised syllables without precursors. As expected, this error-Febr-i7s- higher than
, the 17.0 percent rate found for citation-farm syllables in the Mixed
Talker test in Experiment 1`1;-"the difference between these two conditionS is
significant [t(37) = 3.88, .2. < .01].

Given the increased ambiguity when both talker- and grate-:dependent varia-
tion are present, it might be expected that listeners would make greater use of
talker's point vowels toereduce that ambiguity. Contrary to this'expeotation,

;the average error rate in the Point-Vowel Precursor condition was 28.6.fercent,
Which is significantly higher than the 23.8 percent rate found when no precur-
sors are present [t(35) = 2.85, .2. < .01]. This is a, startling result: it does

not fulfill the expectation that greater improvement would be found where more
was needed, nor does it even replicate the minor, improvements found with point-
vowel precursors in Experiments I and II.

In contrast to these results for point-vowel precursors, a substantial
decrease in errors wasjoun& when the test syllables were heard in their origin-
al sentence context. Listeners made an average of 17.3 percent errors in the
Sentence Context condition; this is significantly lower than the 23.8 percent
error rate found for the test syllables in excised form [t(33) = 3.31, P < :01].
Thus, a carrier sentence contains information that makes vowels in component
syllables less ambiguous.

Err6r rates for individual vowels are presented in Table 3 for each of the
three test conditions. A comparison oethe results for excised syllables
(first column: Table 3) and for citation-form syllables (first column, Table 2)
suggests that listeners in the No-Precursor condition may not have accommodated
completely to the rapid pace atwhich the excised syllables were spoken. In

general, errors on these syllables were in the direction of hearing vowels, in
the periphery of two-formant Space as more "centralized" or "reduCed" (cf. con-
fusion matrix, Table A-7). (1) Two point vowels% /it and /u/,,which produced
very few errors in citation-form syllables, were somewhat ambiguous in the de-
stressed syllables. The errors on /i/ generally involved misperceiving it as
///. The"vowel /u/ tended to be misperceived as /u/. (2) Errors more than
doubled %n /a/ and /o /. -By far the most common error on both /a/ and /3/ was to

1 perceive theM as /A/. As a consequence, /A/ showed a large increase in false
identification, (3) Th vowels An/ and ./Ai were also more ambiguous in de-
stressed syllables. Th were most frequently misperceived as. /E/ and /u/, respec-
tively. (4). In excep to this general pattern of increased error rates, the .

vowels /E/ and /u/ sh wed substantially fewer errors in destressed syllables.
However, both vowels were Popular false responses, and the apparent improvemet
was associated with A positive bias in each case. It is re-lev"antthat id/ and

/u/ are the most "central" vowels in two-formant space, In that they are inter-
mediate in first-forMant frequency,and therefore reduction-tdward schwa does not

.

tend to produce formant combinations typical of other vowels. The tendency for
listeners to select mo e "central" vowel responses suggests that .they underesti-

->>

mated the tempo at,Which he excised syllables we're spoken.
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TABLE 3: Mean percent error in identification.of destressed /p-p/ syllables.

Intended *

vowel No-precursor

Condition

Point-vowel
precursor

Sentence
context

i . 11.5 * 11.2 6.7
1 . 0.5 1,8 0.7
c 7.9 3.5 20.0

m 24.5 ' 44.]. 2.0
Q 62.5 (43.0) 95.9 (92.4) 36.7 (12:7)
o 49.5 (25.5) 50..6 (45.9) 31.3 (4.0)
A 33.0 2'76 33.3
u 19.0 y.2 23.3

. u 4.5 4.7 1.3

Overall 23.8 (18.9) 28.6 (27.7) 17.3 (11.6)

Rather than enabling listeners to compensate for errors introduced tiy tempo
uncertainty, the point-vowel precursors 'served only to. increase the errors (see
Table 3 and the confusion matrix in table A-a). Listeners tended to.hear vowels
more centralized than those intended, and did so with even greater frequenCy
than in the No-Precursor condition. The trend was so strong for /a/ and /o/
that confusions between ehem accounted for only 6 percent of errors on the two
vowels ,themselves and only 3 percent of all errors on the Point-Vowel Precursor

I,;' test. Relatively low, error *rates oecurred on the two most "central".Vowels,
it/ end. /u/2 as was found on the No-Precursor test.

y.

It seems. likely that the 'precursor syllables (spoken in citation form)
established an expected tempo inappropriate for petception of the subsequent
test'syllables. ' Instead of, calibrating listeners to the formant'ranges of a .

talker's vowel space, the precursors calibrated listeners to the tempo of the
talker's speech. If the test syllable had truly been spoken in isolation with
a stress equal to that of the precursors, the prior adjustment to talker tempo
would have been appropriate. This condition was met in the Point-Vowel Precut-_

sor test of Experiment II, where errors averaged only 15 percent. However, the
comparable test in Experiment III juxtaposed' syllables spoken with radically
different rates and stresses, and the contrast prbduced a large increase in
erroneous judgitents. As in the No-Precursor condition, the pattern of errors
reflected the cpntx ction of acoustic vo el space found for rapid, destressed
speech (cf. Lindb m, 1963).

) In contrast to the results following precursors, error ratessfor individual
vowels dropped when the aestressgd test syllables were heard in-sentence context
(see Table 3 and the confusion matrix in Table A-9). Error rates for /i/2 An/2 ,

/0/,2 and /u/ were all lower in the Sentence Context condition than in the
No-Precursor condition, where the syllahlo were heard.in4solation. Phile er-
rors on /c/ and /u/ were relatively infrequent in the excised syllables, they
increased when heard in sentence context. In general, the pattern of ch'pnges'

was complementary to that observ6d for the excised syllables., The marked "cen-
tralization" of vowel responses disappeared when syllables were heard,in sentenab `

context.

82
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These results suggest that a carrier sentence aids identification of vowel
targets, by allowing listeners to adjust to talker tempo, rather than by allowing,
them to compensate for talker variation. The observed changes in identification

}gave ].Lttle in common with those found after extended familiarization with a
talker's speech (cf. Figure 2). When.errors in the Sentence Context'and No-Pre-

cursor conditions were compared, there were no vowels that showed "true improve-

ment" in identification. The main effect of sentence context was to reverse a
pattern of positive biases toward /e/ and /u/--and to a lesser extent /1/ and
/A/--a pattern that has more to do with tempo uncertainty than with talker vari-
ation.

Luce analyses for the three experimental conditions corroborate the conclu-
sions drawn from the less formal error analyses. Most paiPwise confusions were

greater for destressed syllables (No-Precursor condition) than for citation-form
syllables (Mixed-Talker condition, Experiment II). In two cases, /a-o/ and

/o-A/, the incieases were large and significant. Thus, tempo uncertainty pro-.

duced some genlkii increases in vowed. confusability. However, one significant

decrees was 4199,, observed: the /e-m/ confusion, largest source of errors on.

citation -'form syllables, was substantially smaller for=rapid, destressed Sylla-
bles. It is possible that rapid articulation produced tokens of /e/ thit would
also have been produced with high probability in citation form--that is, rapid
articulation may affect /e/ more by reducing its acoustic variance than by shift-

' ing its typical formant composition. If this effect were large enough, the

overall discriminability of /e/ and /m/ would increase, as observed.

Pairwise confusions for the Point-Vowel Precursor condition showed little
systematic change relative, to the No-Precursor condition. The only significant

change was an increase in the confusability of /a/ and /A/. The /e-m/ confu-

sion vies more Ssymmetric than in the No-Precursor condition' (/e/ was never per-
ceived as /m/ following precursors), and the similarity showed a further, though
nonsignificant decrease.

A Pairwise confusions in the Sentence Context dondition'tended to be lower
than in the No-Precursor condition, though only one of the decreases (/0-A/) was
significant. Thus, sentence context reversed one of the two significantin-,
creases in confusability found for the excised syllables. The other,vowel pair

/a-o/ also showed. a reversal, but the decrease was not significant.

While the observed changes in pairwise similarities were usually in the
expected direction, they were also faw in numbv. The predominant effect of

misperceiving tempo was not a Change in vowel similarities, but an error-produc-

ing shift in response biases. Joint Luce models for tht citation-form syllables
(mbi6.1 Talker condition, Experiment II) and destressed syllables (No-Precursor,
condition) verify that the main impact of tempo uncertainty was on response
biases. A same-parameters mode0e/df = 6.14) was not improved by different

parameters (x2/df.= 763 ), but was substantially improved by differ-

ent biases (x2/df = 3.86). Joint Luce models comparing the destresed syllables
in isolation (No-Precursax. condition) owith those in sentence context yield simi-

lar results: a same-parameters mbdel (x2/df = was not improved by differ-

ent similarities (x2/df = 6.5$), but was improved brdifferent biases (x2idf =

2.27). Again, these results for the Sentence Context condition contrast sharply
with those for the Segregated Talker test (Experiment II), where the'predominant

effect was on pairwise similarities, not biases.
1.
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It is interesting to n to that the error rate for syllable-medial vowels in
sentence context (17.3 percent) was very close to that for medial vowels in
citation-form syllables (17.0 percent); the difference was not significant
[t(32) = 0.16]. This suggests that there is a very stable level of error for vow-
els in /p-p/ words when heard in.a unit of articulation sufficient to specify
tempo. The only additional assumption required is that a syllable spoken in
isolation specifies its own tempo. ,

These results provide strong evidence that the perceptual system-adjusts to
the ongoing tempo of a talker's utterance. However, it remains an open question .0)

whether this adjustment involves transforming or calibrating a relational vowel
space for individual talkers. No evidence for a talker - Specific space of this .

kind waP found in earlier experiments, nor was any found in the precursor condi-
tion of this experiment. In addition, the effect of sentence context on identi-
fication was very different from the effect'of extended familiarization with in-
dividual vocal tracts. Thus, this experiment provides no evidende that sentence
Context aids vowel identification by-allowing compensation for talker differ-
ences.

Little is currently known about how formant contours are transformed by
variations in speaking rate and,stress, or how listeners adjust to these-changes.
Lindblom.(1963) has attempted to characterize the variation in.vowel center for-
mant frequencies as a function of speaking rate. Lindblom and Studdert-Kennedy
(1967), in turn,- have demonstrated that listeners are sensitive to theselvaria-
dons when identifying vowels in isolated, synthetic syllables. If two syllables
reach the same formant frequency valuei at the syllable, centers, but simplate
different rates of articulation, listeners adopt different criteria for 1.denti-'
fication of the two medial.vowels. These preliminary efforts sugges,t that the
formant transitions,. which are generally understood to carry consonantal infor-..
mation, must also aid in specifying the vowel. They apparently do so, at least
in part, by limiting the range of possible talker tempos. The Sentence Context
condition of this experiment suggests that factors beyond the syllable also
shape the acoustic specification of vowels and are therefore important to accu-
rate identification. 'A major function of a carrier sentence is to specify the
tempo and sftess of component syllables.8

o

SUMMARY AND CONCLUSIONS

'These experiments lead to the following conclusions about the perception of
vowels iri natural speech: J. t '

4

8 , ,

Gay p -(1974) acoustic measurements suggest that the critical feature of de-
stressed syllables in natural sentences is that they are destresse&;'not that
they are rapidly spoken. Point vowels in Opidly spoken syllables did not
show the reduction toward schwa that is found in destressed speech (Lindblom,
1963). It is not clear what implications, this has for t1 perceptual studies..

of LiAdblom and Studdert-Kerinedy (1967) or the studies'presented here. In both
. 1,

cases, tempo variation has provided a plausible basis for explanation., Fprther
research is needed to determine whbther perceived pace and syllable duration
are secondary to perceived stress in determining the pattern of listeners' ,

.

identifications. '
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1. Talker-dependent acoustic variation does not pose a major perceptual
problem within a common dialect group. Listeners can identify a high proportion
of vowels spoken in citation-form syllables by talkers with whom they, have little
or no previous experience. In Experiment,I, listeners identified 87 percent. of .

/h-d/ syllables spoken in random order by 30 talkers representing the full
natural range of acoustic variation. In Experiment II, they identified 83 per-
.cent of /p-p/ pyllables spoken by 15 talkers., Of the errors Wade in this Mixed
Talker condition, no mere than half can be.attributed to talker-dependent sources
of ambiguity. Correct identification in Segregated Talker tests averaged 90.5
p entlor vowels in /p-p/ syllables (Experiment II)., There was genuine im-
provement in the identification-of specific votiels, but only a small portion of
correct identifitation could be attributed to familiarization (the. difference
between 83 and 90.5 percent). Thus, experience with a voice. plays a secondary
role in'specifying vowel identity. A single syllable contains substantial in-,
formation abqut its medial vowel, whether a talker's'voice is familiar or not.

2. Coqtrary to the speculations of Joos (1948), Lieberman et ale. (1972),

andLieberman (1973), the point vowels do riot: play a major'and piivileged role
as calibrators of a talker-specific vowel space. Experience with a talker's
point vowels does not significantly reduce the overall ambiguity of vowels in a
"subsequent syllable. This result was found for all three types of test sylla-
bles studied: /h-df, citation-form /p-p/,'"and destressed /p -p /. The pattern of
changes following point-vowel precursors did, not'resemblethe pattern'requlting
from extended experience with a talker's voice (Experiment II). Extended experi-
ence produced consistent reductions in pairwise similarities, while-experience
with a talker's point vowels mainly affected the pattern of response biases,
with no consistent effects on vowel identifiability. 'Point vowels did produce
a significant decrease in the confusability of /pcp /, addrIpmp/, byt they were

-7

not unique in this respect: a signifi%ant reduction was also found when test
syllables were preceded by central vowel; (Experiment II) and when4tempo uncer-
tainty was introduCed (Experiment III). In general, there was little evidence
that sample subsets of a talker's vowels enable listeners to adjust to the stalk-
er's idiosyncratic "space" (defined by ranges oft acoustic values qr by sizes of
vocal-tract cavities). This conclusion, like the first, does not support the
proposal of Ladefoged'and Broadbent (1957) and Ladefoged (1967) that vowel per-
ception can be regarded as a problem in establishing an adaptation level (cf.
Shankweiler, Strange, and Verbrugge, impress). I..

4
1

1. Listeners adjust their perceptual 'criteria for syllable-medial vowels
according to the perceived rate of articulation. When destressed /p-p/ sylla-
bles -ware excised from sentence context and presented in isolation (Experiment
III), there was a tendency to perceive them as if they had been spokenin cita
tion form: the pattern Of errors showed insufficient compensation for the,acous- '
tic effects of, rapid articulation. When citationform precugsor strings preceded
the excised syllables,'th ontrast of expected and actual tempos enhanced the
original pattern of er rs and increased the overall error rat When the ex-
cised:syllables'were eard in their original temporal environ nts (the carrier
sentences), the pattern of errors reversed and the overall errorirate decreased.,
Carrier sentences apparently enabled listeners to adjust continuously to a
talker's tempo and to compensate lor the acoustic effects of vowel reduction.
Information aboyt a talker's ongoing tempo produced a qualitatively different
pattern of im rovement from that produced.by long-term familiarization with ci-
tation-form s llables. This confirmed the results of Experiment II (where cita-v
tion-form tes words were heard in the context of priOr.tftation,form syllables)
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in, the more natural situation of wards in sentence context. 'In neither case was
there evidence that listeners acquired a scaling function for adjusting a talk-
er's speech to a normative dialectal space. In contrast to the conclusions of '

Ladefoged and Broadbent (1957), a naturally produced carrier sentence may aid
vowel identification more by establishing the tempo of speech than by delimiting
an individual\vowel space.A

How do listeners cope with talker - related acoustic variation? One possi-

bility is that a single syllable, (with consonants of known. identity) carries
sufficient information for normalization to take place. Fourcin (1968) and

Rand (1971) both hive demonstrated that listeners adjust,their perceptual cri-
teria for stop' consonants to compensate for talker-dependent variation in the
consonants' acoustic structure. If the consonants in a test syllable are known
in advance, a single syllable could provide relatively unambiguous, information
'about the talker's vocal tract. This'information, in turn, could be used in

disambiguating the vowel.

A second possibility is that a talker-normalization procedure is not
necessary 'for human perception of vowels.' Vowel identity may be SPecifiedby7
properties of the acoustic sign41 that are relatively invariant across talkers
*nd that do not require a prior talibration process to beaccurately detected.
The results for destressed syllables suggest that the dynamic properties of
speech are especially critical: vowel idenstification seems to be at least as

sensitive to tempo variation as it is to variation in talkers' center formant
frequencies. Adjustment to talkers may have more to do with tracking the dypam-
ics of ongoing articulation than with normalization as traditionally defined.
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APPENDIX A: CONFUSION MATRICES

Tables report the frequency with which each intended vowel x was identlfled

,as response alternative .11. In addition, summary statistics for each Condition,
are provid6d: the percent error for each intended vowel, the overall percent
error, for each repetition (rep.) of the test series, the overall percent error
pooling both repetitions, the total number of trials for the two repetitions,
the mean number of trials on which listeners made an error (x), the standard de-
viation of this mean (s), and the number of listeners (N),
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TABLE A-3: Citationrform /p -p/ syllables: Mixed Talker condition.
a

N

Intended
vowel i t e,

Response

a 3 A v -u None
Percent
error

i 188 1 1' 1.1

1 187 1 2 1.6

e 139 47 3 1 26.8

33 154 2
v

1 18.9

a 152 19' 17 2 .20.0

3 1 46 138 1 4 27.4

A 18 5 161 6 15.3

u 8 2 47 116 16 if 38.9

4 2 3 185 / :2.6

,
/

a
Overall percent error: 16.96 (pooled), 18.48 (rep. 1), 15.44 (rep. 2);

90 trials, R = 15.26, s = 4.53, N = 19. .

Ir

TABLE A-4: Citation-fOrm /p-p/ syllables:` Segregated Talker condition.a

i . 1

. Response 0
Intended 0 Percent

vowel i 1 e ae, a 3,, A U u None .error-

i

I

329

3

1

318

.

4

_ °

,

° 2 2

.

1

0.3

3.6

1 290 20 4 7 -5 3 A 12.1 . I

a

5 324.

7

1

255

1

, 62

/

4

.

2 ,

1:,8-

22.7

.
,

3 55 269 ' 2 '4 , 18.5

A 11 ' 9 305 ' 4 .1.. , 7.6 ..

/ 29 19 272 10 ',4 , 17.6' .

/ . 1 2 327 ,0.9
a

Overall percent err r:

/ -
9.46 ,00led), 10.57 (rep. 1) e35 (rep,

/90 trials, x = 8.52, s = 4.77, N = 13.

.

2) ;

6'

-1

3



TABLE A-5: Citation-form /p-p/ syllables: Point-Vowel Prdeursor conditibn.a

Intended'
Response

Percent
vowel i i e ae a 0 A u u Npne .error

1 145, 5 t ,...

1 146 3 ,

E 1 .1.43 4- 1 1

m 30 119 1.
A a A 4.-, 1 85 25 36 '3

O 1 .9 122 14 4

A . 3 7 136 .4
'u 2 31"110 ' q

u 11 139

1

3.3

2.7

4.7

20.7

#3,3 '

18.7

9.3

26.7
7.3

a
Overall percent error:, 15.19 (pooled), 17.48 (rep.'1), 12.89 <rel.). 2);

90 trials, X = 13.67, s = 5.26, N = 15.
""

9

4
TABLE ,A-6: Citation -form /p-p/ syllables: Central -Vowel Precursor conation.a

Re0onse
Intnded Percent
vowel a obA u u None error

a

o .

U -

116 3 1 3.3

1 118 - 1 1.7

107 12 1 IP 10.8

. :2'

Q, 85 20 12

22 , 98 .

g
13 104 . 1- 1 ,... 1 13.3

. 10 38 "93 9 22.5"

. 6g 24 85 5
e 29.2

.. . :8.
.

. ,... 7 '113., 5

a
OveralLpercent error: 14.91 (pooled), 15.0 (rep. 1), 14.81 (r4p.,2);

* -I = = 3.78, N = 12.

92

o
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TABLE A-7: .Destressed /p-p/ syllables: No-Precursor condition.
a

.Response
Intended Percent

vowel i . I E M' a 0 A U Li
t None error

i 177 16' 6 1 11.5

I'

c
b

m ,

a

199
2 164

48

7

151a.
75

1

1

39

2

76 10

1

2

0.5

7.9

24.5

62.5

o 2 48 101 43 6 49.5

A 8 '5 1 15 134 35' 1 1 33.0

u 1 1 2 22 162 12 19.0

'Ll 2 7 191 4.5

a
Overall percent error: 23.84 (pooled), 25.19 (rep. 1), 22.49 (rep. 2);

90 trials, R = 22.00, N = 9; 88 trials, ii = 20.55,

N = 11; pooled scores: R = 21.20, s = 4.98, N = 20.

b
Two trials lost for 11 subjects.

N

TABLE A-8: Destressed /p-p/ syllables: Point-Vowel Precursor condition.a

Intended

vowel

Response
Percent

i I c m , a 3 A U u None' error

i 151 6 1 : 2 10 \\\ 11.2

_1 167 3 i'.8

E 2 164 3 1 3.5

74 7 95 1 44.1

1 2 1 7 6 151 2 95.9

8 84 '69 9' 50.6

A 1 3 1 1 13 123 23 3 27%6

tl 4 1 11 139 15 18.2

L. 1 1 6 162 4.7

aOverall percent error: 28.63 (pooled), 28.89 (rep. 1), 28.37 .(rep.*2);
90 trials, R = 25.76, s = 4.70, N = 17.

. 97.
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TABLE A79: Destressed / /p -p/ syllables: Sentence Context condition.a

Intended Response
Percent

vowel'
e
i i ema.3AuuNone error

i- 1 140
I

10

149. 1

6.7
0.7

'e 120 29 1 cel 20.0
m 2 147 1 2.0
ak 2 95 36 15 1 1 36.7
3 41 103 3 3 31.3
.A 1 8 A7 100 24 33.3
u 1 4 20 115 10 23.3
u 1 1 148 ' 1.3.

a
Overall percent error: 17.26 (pooled), 18.22 (rep. 1), 16.30 (rep. 2);

94

trtats, x = 15.53, s = 5.08, N = 15.

93

4

4.



Identification of Dichotic Fusions*

Bruno H. Repp
+

ABSTRACT

Seven synthetic syllables from a "
gm/) were presented in all dichotic com
These syllables fused completely so t
ceived as single stimuli. The respons
explained by an "auditory averaging"
that were godd instances of a categor

4 that were closer to a categOry bound
ing, a three-stage pattern recogniti
posed according to which the inforim
grated after auditory but before ph
a "multicategorical" stage. Electr
similar response pattern, suggesti
remain intact up to the multicateg

that these fusions cannot be reli
stimuli, and that selective atten
For the purpoSe of assessing ear
methodological advantages overdo
of determining the "true" ear ad

lace.continuum" Ubm -

inations fdr identification.
at dichotiLyairs were per-
pattern could not be easily'

pothesis'. Rather, stimuli
seemed to "dominate" stimuli

y. To 'account for this find-
n ("prototype") model is pro-
ion from the two ears is inte-

netic-categorical processing, at
nically mixed stimuli led to a
g that competing transitional cues
rical stage. It is demonstrate&

ly discriminated from binaural
ion to one ear has little effect.
dvantages, dichotic fusions offer
er dichotic stimuli. The problem

antage is discussed.

INT ODUCTION

In. recent years, dichotic list
research tool for the investigation
tion and as a diagnostic technique

ping has received much attention, both as a
of the processes involved '1n speech.percep-
or assessing hemispheric dominance for
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Journal of the Acoustical Societ of America: Authors who wish to refer to
this research are urged to cons yt the revised version.
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Speech1 Both aspects are addressed by this paper, which, on the, basis of a
detailed Analysis of the dichotic interaction between the voiced' stop conso-
nants, makes recommendations for a possible methodological refinement of dichotic
testing.

Dichotic tests composed of synthetic stop-consonant-vowel syllables have
become widely accepted as, the most precise instruments currently available for
assessing ear advantages"in speech perception (Shankweiler and Studdert-Kennedy,
.1967a, 1975). The controt.of stimulus characteristics and channel synchronize-
t;on made possible by modern speechisynthesizers and, specialized computer sys-
tems, together with the"balanced stimulus set of the six stop,eonsonants, gives
these tests a distinct advantage over other materials and procedures. Neverthe-
less, some problems remain. One isthe kind and number of responses to be re-
quired from the listeners: two responses (with or without restrictions on their
order) or one response (with or without selective-attention instructions)?
Vatiants of both response modes have, been used at one time or another, but two -
response paradigms.have dominated the scene. However, because of the occurrence
of confusions, intrusions, and guessing, and the lack of a good theory taking'
these phenomena into account, the two responses cannot be unequivocally assigned
to the stimuli-that evoked them, so that errors,and'correct responses are not

a clearly separated in scoring the results (cf. Repp, 1975a, 1976). Selective-_

attention instructions offer no remedy, since selective attention is very diffi--,
cult with precisely aligned dichotic syllables, and intrusions from the unattend-
.ed'channel are common (Halwes% 1969; Haggard, 1975; Repp,-,1975a).

Another problem has been the derivation of an idex for the ear advantage.
SiMple percentage differences have the disadvantage that they depend on the
overall performance level and theiefore do not &lequately represent the degree
of an ear advantage but merely measure its direction. The proposal.of Kuhn
(1973) to use the 0coefficient as a measure oftheear advantage has been an
important step forward. However, Kuhn's index is designed 'for two-response
paradigms (or single-response paradigms with selective-attention instructions)
and therefore does not solve the problem of unraveling correct responses and
errors. .

Ralwea (1969) and Studdert-Kennedy and Shankweiler (1970) have pointed out
the low information content of the second of two responses. This observation
suggests that it may be more appropriate to ask for a single response only., In

'fact, it seems that listeners often perceive only a-single syllable when a
dichotiC pair, is presented. This tendency is more pronounced -14.th syllables

econtrasting in anly a single distinctive feature2 (voicing, for example,

1
See, for example, Brain and Language, 1974, Vol.,1, No. 4 and 1975, 'Vol. 2,

No. 2.

2
A comment on terminology is in order here. Many authors refer to "shared fee-,
tures rather than "feature. contrasts," for example, /bar and /pa/ "share
place" (Studdert-Kennedy and Shankweiler, 1970; Pisoni and McNabb, 1974). This
terminology is awkward, for several reasons: (1) Any characterization in terms
,of shared features is,indeterminate unless all shared features are enumerated
(which includes many irrelevant features), whereas mentioning the contrasting
features is informative even without precise knowledge oethe complete stimulus
set. (2) Features are dimensions and therefore are always shared, plecisely

'96
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/ba+pa/; or place,'for example, /ba+da/)3 than wish syllables contrasting in
both features (for.example, /ba+ta/): in a "same r-diff rent judgment task,'

. the former receive more incorrect "same" responses than he latter. Moreover,

within the single-feature contrasts, place contras : IIuch harder to discrim- '

mate from identical (binaural) syllables than voicing c.0 rests (Halwes, 1969;
Blumstein and Cooper, 1972; Repp, 1976). In other words, precisely aligned
simultaneous dichotic syllables that differ only in the direction of their in-
itial formant transitions strongly tend to fuse and sound like a single syllable
'originating ilk the middle of tbe.hp..41.57if their intensities are equal).

.
, t;

Cutting 61972, 1976) has proposed a classification of dichotic fusions that
, includes "psychoacoustic fusions": when, /ba+ga/ is presented; /de/ is often

heard. We will follow Cutting and use the term "psychoacoUstic fusidn" only
for this specific, phenomenon. However, it should be clear that fusion in the
more general sense--hearing only a single stimulus when two are presented--
occurs independently of. the nature of the phonetic percept.4 Thus, /ba+ga/
sounds just as fused when /baJ or /ga/ is heard ad when /,da/ is heard, and,
7ba+da/ fuses just as well, althoUgh it will never give rise to a "neeresponse.

4 - These considerations sug gest that it is useless to require a listener to
give two responses when a dichotic place contrast is presented. A single re-

sponse will contain virtually all ,the information available to.the listener.
(However, it may be usefully supplemented by a measure ot.response uncertainty,
such as confidence ratings, reaction times, or response distributions.) The

, principal questign.is then: How is the information from the two ears-combined
into a single percept? Cutting (I 72, 1976) has suggested.that'psychoacoustic
fusion is a relarively low-level auditory averaging phenomenon. Any such ex-

planation should apply to all dichotic place contrasts. The present experiments

attempt to investigate this question further by examining the identification of

dichotic fusions in some detail.

From a methodological standpoint, it is important to determine whether

dichotic fusions lead to the right-ear ad7antage (REA) commonly found in dichotic.

listening. Several studies hAre indicated that place contrasts show asomewhat

4e

speaking. It is their values that may differ, and this seems to be. somewhat

better captured in the term "feature contrast" -(that a contrast with re-

epect to a feature) tfian in "shared feature." (3) Most importantly, feature

sharing has often been interpreted as a factor fatilitating dichotic percep-

tion. However, there is no known factor in dichotic listening that facilitates

perception relative to monaural of'binaural presentation; rather, perforiance

is.impaired by competition as a consequence of featpre contrasts. Therefore,

the latter term will be used here exclusively.

.

3
The notation will be used to indiCate a dithotiC'stimUlus pair regardlese

of channel/ear assignment of Ohe component stimuli, while i-j and
designate the two specific channel assignments (i and S stand for stimulus

numbers; see Table 1).

4Conversely, it may also be argued that, within the set of the six stop corlso;k,

pants at least, there is characteristically only one perceptual result, regard-

less of whether phenomenological fusion occurs.

7 6
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smaller REA than other feature contrasts*(Shankweiler and Studdett-Kennedy,
1967a; 1967b; Studdert-4Cennedy.and Shankweiler, 1970). Since the place con-
trasts in these studies may not have been perfectly fused, the difference may
in fact be larger. This is interesting with regard to the question at which
level(s) in processing the REA arises. If it were the case that dichotic place

R .r4e/f

contrasts fuse,ata very early stage in processing and then are transmitted i1
this form to each hemisphere, there should be n RE since the REA is usually
attributed to.transcallosal transmission loss of eft-ear information, assuming
functional independence of the dichotic inputs prior to their convergence upon
the dominant hemisphere (Studdert-Kennedy, 1975). On the other hand, fusion'
may either occur at a higher ;level (after central-convergence) or be an entire-
ly autonomous phenomenon mediated by an independent low-level cross-correlation- .

dl mechanism, so that fused syllables are processed in basically the same way as
less completely fused'syllables; in this case, there should be no difference in
REAs between the two.

EXPERIMENT I

The first experiment examined the identification of fuSed dichotic stimuli
from a "place continuum" (Pisoni, 1971) obtained by systematically varying the
'starting frequencies of the initial formant transitions. The principal ques-
tioA were whether identification responses could be predicted by a simple audi-
tory averaging model, whether a significant REA of "normal" magnitude exists,
and whether psychoacoustic fusions are as common as suggested by Cutting (1972).5
The effects of variations in the acoustic properties and relationships of the
fused stimuli were of prime concern with respect to all three questions.

. Method

Sub ects. Thirteen paid volunteers participated, se.Ven males and six fe-
males, all right-handed, unaware of,any hearing trouble, and relatively, inex-
perienced listeners. The data of two additional subjects.were eliminated be-.

cause they were too-noi8y.

Stimili. The stimuli,were seven syllables ranging perceptually from /b4/
to /dm/ to /gm/. They were produced'bn the Haskins Laboratories parallel reso-
nance synthesiier. All syllables were of 280-msec duration, had a constant,
fundamental frequency (114 Hz), a voice onset time of -15 msec (that is, pre-
voicing), 45-msec linear transitions, and no bursts but an abrupt onset of

. energy following the-prevoicing. The syllables differed only in the onset fre-
quencies o the.second-formant (F1) and third-formant (F3) transitions, which
are shown in Table 1.

Dichotic 'pairs were construted using the pulse code modulation (PCM) sys-
tem at Haskins Laboratories. The stimulus alignment precision of this computer-.
ized procedure is 4-0.125 msec. All possible combinations of. the seven stimuli
were recorded. In order to obtain stable identification scores for the seven
syllables in isolation (that is, binaurally), pairs of identical syllable6 were
replicated six times, so that there were 84 stimuli altogether: 42 identical

4 '

5The recent paper of Cutting (1976) was not available at the time of the expert-
.

ment. .
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TABLE 1: Starting frequencies (il-1z) of secondrformant (FD'and
third-formant (F3) transitions or the seven stimuli.

/.

.Stimuluallumber 'F2 F3
/

-1 1312. 2348

2 1456 2694

3 1620 3026

4, 1772 3026

5 1920. 2694

6 '21078 2348

A 2234 2018

'Steady-state /mi, 1620 2862
4

(binaural) pairs and 42 nonidentical (dichotic)pairs. Fiv ifferqrt random

sequences of the 84 stimuli were recorded. The interstimulus interval was 3

sec..

. ,

Procedure. The subjects were tested individually.or in small groups in a

single session lasting approximately 90 minutes. Playback was from an Ampex

AG-500 tape recorder through alt amplifier to Grason-Stadler TDH7:39,earphones.
Playback intensity was adjusted and monitored on.a Hewlett-Packard voltmeter,
and 'special care was taken to equalize the intensities of the twochannels at
'about 85 dB SPL (peak deflec/tions).

I' 1 I-

. Each
-
subject listened twice tothe five blocks, of 84 stimuli. The channels

were reversed electronically after-the first five blocks. The instructions were to

write down'one response fbr each syllable heard: B, D, or G, whatever the syl-

lable sounded most like.,

fhe subjeCts were enerally not informed until after the experiment that
different inputs were presented tg the two ears in half of the stimuli. (There

were someexceptions,/because some subjects had previously participated'irt re-

lated experiments with.dichotic fusions.) Most subjects agreed when questioned

that they heard only/single syllables and showed surprise when told about their

actual nature. -This!, together with the experimenter's impression, was consid-
ered-sufficiebti.evi enee for the adequate fusion of the stimuli. (Formal tests

were conducted lat thin Experiment III with different subjects.)

I

Results and Discussion
J t . , .

.

,

. The response pattern. The pooled results of the 13 subjects are shown in

Figure 1.. The numbers in the graphs represent identical (binaural) pairs, and

the dashed lines connecting them ttace the categorical identification functions'

for the seven 4imuli. It can be Been that stimuli 1 and 2 were generally iden-
tified Ss,B; 3 :and 4, as D; and 6 and 7; as G. Stimulus 5 was thonly truly
ambiguous syllable, with somewhat more D than G responses. (The stimulus numbers__

refer to' Table 1.) Some subjects produced noisy data, which is reflected in'tke

averages; fortexample, G responses to stimuli.6 and 7 reached only 85 -86 percent.

1J3
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Consider now the.other Symbols in Figure 1 that represent thedichotic com-
binations of different stimuli. Each function connects the pairs formed by one
particular stimulus (denoted by, the number at one.end of the function) and the
stimuli along the abscis-§a. The pattern may be described as follows:

(1) When a particular stimulus was paired.with other stimuli, the percent-
age of responses in the relevant category tended to decrease as the &ompeting .

stimuli were fur4er and further removed on the continuum. This was especially'
clear for D responses, while the functions for B and G responses became fldt and
even nonmonotonic when /bm/ and /gm/ stimuli were paired with stimuli more than
tuto or three steps removed on the continuum. Note that B responses were at a
minimum in pairs with stimulus 4, while G responses tended to be at a minimum in
pairs with stimulus 3.

r.

(2) The percentages of responses in the three categories generally remained
fn proportion to the binaural identification results for the component syllables
of a dichotic pair; for example, the B-function for stimulus 2 (upper left-hand
panel in Figure 1) lies uniformly lower than that for stimulus 1, and that for
stimulus 3 is even lower. More interesting, however, is the fact that a similar
difference exists between the G-functions for stimuli 6 and 7 (upper right-hand
panel in Figure 1), although these two stimuli showed identical binaural identi-
fication scores. 11, addition, there is one crossover of functions: the D-func-

tion for stimulus 3 lies above that for stimulus 4 in pairs with'stimuli 5,,6,
and 7 (lower left-hand panel in Figure 1).

(3) There was a tendency for /bm/ stimuli (especially 1) to ominate /g/
stimuli (6 and 7). A change in acoustic structure at the /bm/ end of the con-
tinuum had a greater effect than an equivalent change at the /gm/ end, as indi-
cated by the wider spacing of the B functions (cf. upper panels in Figure 1).

. *

(4) Psychoacoustic fusions were clearly present but rather infrequent,
especially in pairs containing stimulus 1. The numerical results for the four

relevarft stimulus pairs are shown in Table 2.

_ TABLE 2: Response percentages for four dichotic Ibm+gzel pairs
(13 subjects).

Stimulus pair Responses

B. D G

2+6 38.5 25.4 36.1

24-7 45.0 21.5 33.5,

1 4.6 67.3 12.7 20.0
1+7 60.8 9.6 29.6

Psychoacoustic fusions: Three averaging hypotheses. The pattern of re-
sults just described.(particurarly under paragraphs 2 and 4) defini.tely rules

\ out a "phonetic averaging" (attention- switching or rivalry) hypothesis: If, for

example, the'two'stimuli coMpqed for a single phonetic processor, so, that one
syllable gained access to thejprocessor in a certain percentage of. the trials
while the other syllable was lost, the distributiori of identification responses.
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for a dichotic pair,would be a weighted average of,the response distributions.
for the two compoent stimuLial in isolation. The same would.be true if both syl-
lables were categorized independently in separate processors, and an attentional
mechanism with limited capacity selected one or the other outcome on a probabil-
=istic basis. Instead, the existence of psychoacoustic fusions and of effects of
acoustic wi,hin- category differences is evidence that the dichotic informat on i

interacts_prior_to the-completion of honetic processing.

A second hypothesis may be t ed "articulatory averaging" (Cu tting,.1976).
If is similar to the phonetic averaging,hypothesis, except that it'allows for
psychoacoustic fusions by perceptual-articulatory interpolation at the feature
level. HOwever, kt excludes any interaction between the acoustic. properties of
the stimuli and therefore is clearly disconfirmed both by the present data and
'by Cutting's own.'

On the other hand, thq data are superficially 411 a ccord with an "auditory
averaging" hypothesis, which assumes that thefoment transitions of the two
competing stimuli (or rather; their equivalent auditory code g in the brain)
fuse to yield new, intermediate' transitions, and the resulting new information
is then phonetically interpreted. This hypothesis has also been considered by
Cutting (1976), who independently investigated the effect of acoustic stim-
uluswariations on the frequency of psychoacoustic fusions. However, one pre-
diction would then be that /bm+gm/ stimulus patrs, such as 1+7 and 2+6, whic
have about the same "average," should yield the same percentage of D responses.
Instead, the acoustically, more similar pair, 2:1-6, led to more psychoacoustic,
fusions than the acoustically more dissimilar pair, 1+7 (of. Tables 2 and 3,

.upper left-hand quadrant), which parallels the results of Cutting (1976). There-
fore, Cutting's conclusion that simple,averaging of formant transitions is an
insufficient explanation also applies to the present data.6

Another problem with the auditory averaging model is its deterministic
nature. There is no /bm-Fgze/ stimulus pair for which only D responses are ob-
tained. In fact, the frequency of psychoacoustic fusions 1.77'the present experi-
ment was surprisingly low. Nine of the thirteen subjects shared negligible
frequencies (less than 7'percent,.after a correction for expected confusions).
One reason for this may have been the presence of F3 transitions, which were
rising for /bm/ and /gm/ stimuli but falling in /dm/ stimuli. In /bmi-E70 pairs,
the "average" F2 transition may have been in conflict with the "average" F3
transition, so that the responses tended to shift among all three alternatives.
The classical studies of Itarris, Hoffman, Liberman, Delattre, and Cooper (1958)
and Hoffman (1958) have shown (incidentally, also in the context /-m/) that F3
transition) have's strong influence on the tendency to give D responses, with
F2 tranitions held,constant: rising transitions decrease and falling transi-
tions increase D responses.' Cutting (1976) used two-formant syllables and ob-
tained igher percentages of psychoacoustic fusions than the present study;

6
Of courd , the assumption of a finear',(unweighted) auditory averaging process
is naive ,and probably'wrong. However, the conclusion that acoustic similarity
plays a rOle seems nevertheless justified. The present results differ from
those of Cutting (1976) with respect -to the relative weight of low-frequency
and high-frequency transitions. Here, low-frequency changes had a greater

effect, while Cutting's data (for /ba-Fga/) shot precisely the opposite.
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however, he also encouraged D responses by presenting only /ba +ga/ pairs to
uninformed subjects who were. given three response alternatives.

In order to check further on the role of F3 transitions, a new stimulus
tape was prepared that.contained all dichotic and binaural pairs of seven syl-
lables identical with those of.Experiment I, except that they had no third,for-
man., BHR, who had also participated in five sessions, of Experiment ,I,
listened to 3Q random blocks of 49 stimulus pairs each, in three sessions. The
results closely resembled his results with three-formant4syllables, except.for
two of the four /bm+gze/ combinations. These results are shown inTable 3
(upper portion). The pooled response distribution for the.four two-formant
/bm-f-ge/ pairs differed significantly,f.tom that for the corresponding three-for-
mant pairs (x2(2) = 7.6, P < .05) but; clearly,' the difference was due only to
2+6 and 2+7, which 'showed greatly increased frequencies ofD responses. (Note
that BHR generally gave an unusually high percentage of psychoacoustic fusion
responses.)

TABLE 3: Response percentages for four dichotic Pme+gm/ pairs: comparison of
three-formant and two-formant syllables in diphotic and mixed presen-
tation (data for a siigle practiced subject, BHR, based on 3-5 ses-
sions per condition).

Stimulus pair

Dichotic;

Responses

Three'-formants Two formants

B D 0 B D' G.

2+6 28.0 47.0 25.0 26.7 70.0 3.3
2+7 36.0 38.0 26.0 23.3 53.4 - 23.3
1+6 71.9 26.0 3.0 73.3 23.4 1,3.3

63.0 30.0 7.0 71.7 25.0 3.3

Mixed

2 + 6 55.0 25.0 20.0 36.'7 58.3 5.0.

2 +7 96.3 2.5 1.2 86.7. 11.7 1.7

1 + 6 46.3 38.8 15.0 30.0 .56.7 13.3
1+ 7 77.5 10.0 12.5 80.0 6.7 13.3

. It may be concluded that, in two pairs at least, the conflict between F2
and'Ftransitions probably played a role. However, even in the absence of a
third, formant, psychoacoustic iOns were far "frbm the 100 percent predicted
by a simple auditory_averaging pothesis. If this hypothesis is to be main-
tained, considerAle random var abi ity in the weighting function of the averag-.
tnprocess must be assumed. Thi ssumption will be tested in Experiment II.

Ear dominance and stimulus dominance. In order to correct for perceptual
conf sibns between the stimulus categories (especially those provided by an
ambiguous stimulus), left-ear and right-ear scores were derived for each stimu-
lus pair. This was done by weighting each response by the relative frequencies
of this particular response category for the two component stimuli in isolation.,.
and by subsequent summation of these weights for each ear. Expressed formally,
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the right-ear score for a given dichotic pair i-j (with i in the right ear and j
in the left ear),mas computed as

3 f(Rkli)/

4(i) Ic1

'f(Rdii) f(Rkii)+f(Rkli)
=

, .
.

where f(Rk -j) is the' frequency of response category Rk for the dichotic pair,li

f(RkiL) and f,(Rklj) are the frequencies of response Rk to4 and j, .respectively,
when presented in isolation, and the summation is over the three response cate-
gories. For the left ear, TLE(j) = N TRE(i), where N is the total number of
responses to this stimulus pair. The weight (the fraction) in Eq.- (1) was set
equal to 0.5 whenever the combined responses to i and j in a particular category
constituted less than 10 percent. The resulting scores are free from overt
variations in performance level, since the scores for the two ears al ays sum up
to N, that is, there are no errors by definition. Because of the weigh ng pro-
cedure, individual variations in accuracy (which do exist) play only a negligible
role as long as the "noise" does nottlexceed a certain level.

1 The two scores for a given dichotic pair, TRE(i) and TLE(j), have,connter-
.' parts in the two scores for the other channel assignment of the same stimulus

combination, TRE(j) and Tuft). 'These four scores were arranged in two differ-
ent two-way contingency tables, and two 0 coefficients were calchlatgd: the
stimulus dominance index

1/2
with THE ='T RE(i) +,T(TRE(i)

TRE(j))
/

.

and T
LE

= T LE(i)1- T
LE(j)

(2)

'which indicates the 'degree to which stimuihs i "dominatee stimulus j; and the
ear dominance (o; ear advantage) index .

-T M )/(T
1/2

with T(i) = TRE(i)0
E

= (T
RE(1. LE(i (j) )

(i) RE(i) LE(i)

(3)and T(j) = TRt'(j) +TLE(j) .

. -

which describes the relative dominance of the right ear over the left ear.
Overall indices were obtained by calculating 0,coefficients from summed response
frequencies, with separate summations for i-j and j-i pair's (arbitrarily assum-
ing that i<j on the stimulus continuum).? The signifitance of these indices was
tested by x2(1) = NO2 (Ef: Kuhn, 1973).

* .

?The denominator in the formula for the,,0 'coefficient is the geometric mean of
the two unequal marginal sums in the contingency table (the other two marginals
being equal to N/2). Unless the difference between thgse marginals is very
large, thefr.geometric mean is similar to their 'arithmetic mean, which equals
N/2. 0E, [Eq. (2)] is therefore usually well approximiedby 2(TRE(i) - TRE(.1) )/N,

and OE [Eq. (3)) is usually almost identical to 2(TRE(i)-TLR(i)) /N, except in
cases of extreme stimulus dominance. If the entries in the contingency table
are expressed as percentages (that is, divided by N/2), OE and4p.can be esti-
mated at glance. This relationship alsd justifies the calculation of air overall
index from summed response frequencies, which usually deviates only very slight-
ly from the average ofthe coefficients for individual stimulus pairs.
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,The crucial question was whaher'the REA obtained from Eq. (3) would be

comparable to the REA found in a WO-response paradigm with a larger stimulus
" ensemble. The results are shown in the left third of Table 4. The 13 subjects

exhibited a significant average REA, with six significant individual REAs but

r,

only one Significant left-sear advantage. These results were compared With
those of a recent study that used the complete set of six stop consonants and
reported the distribution of Kuhn's (1973)4 coefficient for 22 subjects
(Shankweiler_and Studdert-Kennedy, 1975): 'The two distributions were virtually
identical (Mahn-Whitney test: z 0.03). To the degree that'the twoear-advan-
tage indices are indeed equivalent, and within Ihe limits imposed by the small
sample sizes, this comparison indicates that dichotiC fusions show just'the same
degree of An average REA as.less completely fused syllabies (which make oup the
majority of the combinations of all six stop consonants), so that phenomenolog-
ical fusion is probably unrelated to the degree of REA obtained. The smaller

'REAs reported for place contrasts in the past were most likely artifacts of the
two-response requirement and of the'ear-advantage indices used.

..' .
,--4-

TABLE 4:. Dichotic ear dominance indices, and'dichotic and mixed stimulus domi-
nance indices*for individul,subjects.

4

Dichotic ear dom. Dic is stim. dom. ' Mixed stim. dom.

.Subject No. OE X2(1) .P 'D XV ILL
2

OD , X2(1) .R

1 0.13 7.1 <.01 40 4.4 <.05 0.04 \,F.7 n.s.

2 0.01 0.0 n.s.a 0. 29.3 .001 0.07 1.8 A.'s.

3 -0.04 0.7 n.s. °-9.37 57.7 -.001 -0.48 98.1 <K.001

4 0.06 1.6 n.s. 0.02 0.2 n s. (excluded)

5 0.10 4.5 <.05 0.19 15.6 < 001 (excluded)

6 -0.06 1.'3 n.s. 0.19 15.2 '.001 -0.01 0.0 n.s.

7 0.14 7.8 <.01 0.14 8.4 <.01 . 0.22 20.8 4.091
8 0.10 4.1 <.05 0.13 7.5 <.01 0.30 37.0 4.001
9 -0.03 0.3 n.s. -0.15 10.0 <.01 0.35 51.4. a.001

10 0.18 13.2 <.001 0. 8 14.3 <.001 (no data)

11 0:22 20.9 4.901 .1

ill
0.2 n.s. (no datva)

12 0.06 1.5 n.s. .1. 0. -60.2 4.001 (no data)

13 -0.12 6.5 .<.02 0.03 0.5 n.s. (no.data)

Total 0.06 17.9 <.001 0.09 41.7 4.001 0.07' 14.0 <.001

BHR (3_F)b
.

BHR (2-F)c

0.11

0.03

25.2

1.0

.001

n.s.

0.05

0.1L

4.9,<A5 ,

15.1 <.001

(not calculated)

(not dalculated)

P > . 0 5.

b
Three-formant syllables, calculated from the totals over five sessions.

c
Two-formant syllables, calculated from the totals over threeJessioms.

Table 4 also shows-a highly significant REA for BHR. Interestingly, how-

ever, his REA with two-formant stimuli was much smaller and did not reach sig-

nificance. This finding, which suggested that auditory stimuiUs complexity may
1,

influenct the REA, was followed up in Experiment IV. ' -
i
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Actually, the ear advantages were slightly underestimated because one-step
contrasts, which were mostly within categories (e.g., 1+2 and 3+4), were in-
cluded.. Of the 21 Jndividual stimulus pairs, 20 showed a positive average 0E.
There wqs a tendency towardlarger RE4s with increasing separation of the com-
ponent stimuli on the continuum: the akrtrage 0E increased from +0.04 (two-step
Rairs) to +0.08 (three -step pairs)eto +0.11 (four-, five- and six-step'pairs),
despiltp the'occurrenae of uninformative psychoacotistic fusions at the largest,
separations. Hence, acoustic stimulus disparity may play a role in determining
the magnitude of the REA, a.question of considerable theoretical importance that
deserVes furthe study.

Table 4(center) also shows the average stimulus dominance'(0D) indices for
the individual subjects. These indices express the average d '$minance of i oyer
j, summed over alli<j; or, in other words, the degree of perceptual dominance
oflowerLfrequency F2Aransitions over higher-frequency F2 transitions (assuming
that competition between F3 transitions plays only a minor role). This average
index is rather crude, but it captures some striking individual differences.
The overall OD was positive and highly, significant, indicating strong dominance
of lower-frequency transitions. HOwever,'2 pf the 13 subjects had highly Aig-

, ,nificant negative"coefficients.'

e $ The OD indices for the individual stimuluS pairs, which were of primary
interest, were by no meals homogeneous, as was already evident from Figure 1.
Only a fesepairs were in perceptual equilibrium (OD =0) , and stimulus dominance
*effect% were considerably stronger than ear dominance effects. The stimulus
dominance pattern for a subgroup of 7 of the 13 subjects is illustrated in
Figure 2 (filled triangles). This subgroup was selected for reasons of compari-
son with the results of Experiment II; their data are representative of all 13
suklects, except that the average OD; was somewhat.reduced. DiAtussion of the
dominance pattern will be reserved for the General Discussion section following
the description of Experiment II.

.e

EXPERIMENT II

2 t The relatively low percentages of,psychoacoustic fusions in Experiment I.
may have been due-to random variability in ear, dominance or stimulus dominance
from trial to trial. Ps)ichoacoustic fusions may occur only When the two sylla-
bles receive v &y nearly equal weights in the hypOthetical auditory'averaging
,process; a slight tip of the balance in favor of one stimulus may lead per-
0epfual dominance of that stimulus.. However, Ailfidn the tvto syllables in a pair
are acoustically iombined ,before they reach the ear, the potential factor of
variability in'ear dominance is excluded. In addition, auditory averaging may
occur at a more peripheral stage and may reduce any variability arising at more

: central levels. Therefore:this hypothesib predicted an increase in psycho- -

'" acoustic fusions for mixed stimuli.
41/4

A compaAson of dichotic and 'mixed pa rs 'tomised to be.interesting with
respect to the whole "dominance pfttern" o dividual sti us cbmbinations. A
The peripheral interactions coming into play in the mixed ode (acoustic inter-

. ference, auditotymasking) may well lead to an entirely d fferent response
A

pattlern than in the dichot mode. On the other hand, an significant similar-
ities between the, two Situat ns will have to be ascribed o common central pro-
cessing levels.
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Method

Subjects. Nine of the thirtee'n subjects in Experiment I participated, one
of them prior to Experiment I. The data of one additional subject were elimin-
ated because they were too noisy.

Materials. The same stimulus tape as in Experiment I was used.

Procedure. The procedure was identical with that of Experiment I except
that the output of the two tape recorder channels was mixed electronically and
presented binaurally. The intensity was readjusted to about 85 dB SPL. Special'

care was exercised in equating the intensities of the two channels before they
entered the mixer. There was no reversal of channel6 here.

Results and Discussion

Controls. A cgmparison of the response distributions for pairs of identi-
cal syllables in thedichotic and mixed conditions revealed significant differ-

. ences for six orthe seven syllables. However, the changes Consisted primarily

in a reductiqn of the "noise" and an increase in response consistency, so that
familiarity and practice were the most likely cause. In view of these changes

in the "baseline" scores, it was especially important to compare the response
patterns in the two conditions by means of a measure that takes these changes
into account. This was achieved by weighting the data as in Experiment I [cf.

Eq. MI, with "channels" replacing "ears." Subsequently, OD and 0C ("channel
dominance") coefficients were calculated [cf. Eqs. (2) and (3)].

While, at the levels used here, intensity differences of a few decibels
have litc,Ie effect in dichotic listening (Speaks and Bissonette, 1975), the
mixing procedure was likely to be sensitive to small channel, imbalances. The

0C coefficients served as a check on the proper equalization of the two channels
prior to mixing. Twb subjects indeed showed highly significant Oc coefficients,
both.in the same single session. This indicated a calibration error, and the

data were excluded from further consideration,.'

Psychoacoustic fusions. Table 5 compares the responses to thd four
/bm+gze/ pairs in the dichotic and mixed conditions for the same Seven subjects.
Surprisingly, D responses were clearly lesS fiequent in the mixed condition than
in the dichotic condition, with B responseS malting up for most of the differ-

ence. This was probably not a practice effect, since BHR--who again Participated
in five sessions -- showed precisely,the same decline in psychoacoustic fusions
(Table 3, left portion),,and a correction for'expected confusions did not

eliminate the difference. It may be noted that the data f Halwes-(1969)

showed a similar reduction in psychoacoustic fusions-for xed syllables.

Since it was conceivable that again the presence of a third formdnt somehow
played a role, BHR once more served as a control subject and listened to mixed
two-formant syllables.(30 blocks in 3 sessions).. The results showed an increase'
in psychoacoustic fusions with respect to mixed three-formant syllables but a
reduction with respect to dichotic two-formant syllables (Table 3). This shows

that the reduction was not due to a change in the salience of the third formant.

The stimulus dominance pattern," The overall op coefficient was again sig-

nificant and in favor of the stimuli with the lower numbers on the continuum
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T LE 5: Response percentages for four dichotic /bm+ge/ pairs: withimilubject
comparison of dichotic and mixed conditions (seven subjects)

Responres

Dichotic Mixed

Stimulus pair B' D G B D G

2+6 32.1 32.1 35.8 42.1 19.3 38.6

2+7 3'8.6 32.1 29.3 46.4 17.9 35.7
1+6 . 55.7 16.4 27.9 76.4 2.9 20.7
1+7 ' 50.7 15.0 34.3 59.3 5.7 '35.0

Ni

(lower-frequency F2 dominance) but slightly reduced in comparison.to the dichotic
condition (Table 4). Again, there were large individual differences, also from
one condition to the other (Cf. Table 4).

e
..

The stimulus dominance indices for the individual stimulus pairs in the two
conditions are compared in Figure 2. The OD values in Figure 2 represent the
dominance of the stimulus held constant in each panel over, the stimuli on the
abscissa. (Each individual stimulus combination, i+j, may be found twice in
Figure 2, once in the panel for i with j on the abscissa,vand once in the panel
for j with i on the abscissa, witha OD.c6efficient of Cipposite signs Of course,
OD = 0 for identical pairs.) It is evident that, with few exceptions, the func-
tions for the mixed condition exhibit the same basic peaks and valleys as those
for the dichotic condition. There are. some consistent

)
diffeNences as'well,

primarily in pairs containing stimuli 1 and 2: in the mixed condition, these
/bm/ stimuli showed increased dominance over /gm/ stimuli (5, 6, 7) but reduced ,.

dominance over /dm/ stimulu (3, 4). The dominance' relationship between /dm/ and
/gm/ stimuli did not' change very much.

BHR's data. were in excellent agreement with those of the seven subjects.
The dominance pattern of BHR's two-formant results was virtually identical to
that of his three-formant results,, in both the dichotic and mixed conditions,
suggesting a negligible role of the third formant.apdrt from its effett bn the
frequency of psychoacoustic fusions (which were neutral with regard to dominance
relationships). Consequently, the differences between the dichotic and mixed
conditions were he same'for two - formant and three-formant syllables.

.GENERAL DISCUSSION: 'DICHOTIC INTEGRATION

It was no ed earlier that a simple "auditory averaging" model--which
assumes tha single auditory stimulus, somehow intermediate between the com-
ponent st uli, is interpreted phonetically-ris somewhat inadequ te in explain-

---.
,7

"- ing the rata. It predicts more psychoacoustic fusions than wer actually ob-
especially in the mixed condition where auditory averaging should have ,

been, perfect, and it cannot account for the effect of stimulus dissimilarity on
psychoacoustic fusions (found also by Cutting, 1976). The model may be modified
to include random variation in the weights of the averaging process, although
the source of the variation is obscure in the mixed condition. Alternatively,
one could assume that, in analogy to vision, fusion (auditory averaging) alter-
nates with rivalry (dominance), the probability of rivalry increasing with
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Stimulus dissimilarity (Cutting, 1976). While this would account for the pat -
tein of psychoacoustic fusions, the usefulness of a special model'for this
specific p4n9menon is limited. Clearly, psychoacoustic fusions should be ex-
planableW-the,same principles of interaction as other responses. In other
words, an appropriate'model should explain the total dominance pattern.

::

, .The simple auditory averaging model and Cutting's fusion- rivalry model

,-.
-allow for variable dominance relationships betideen pairs of stimuli, but only
in a form'that is related to auditory paramet rs. For example, consider the
dominance function for stimulus 1 in Figure 2 since the starting frequency of

/
the F2 transition increases monotonically wit stimulus number, the dominance
function for 1 was expected to be a monotoni function (rising if lower frequen-
cies tend to dominate higher freque cies, an falling if the opposite is true)..
Because of the possibly special sta us of st aight formants, a smooth curvilinear
function would also be reasonable. (BHR's d to suggested that the third torment
played only a negligible role.) wever, t ere is no straightforward auditory
explanation for the abrupt and striking dip of the function at stimulus 4 (that
is, for the pair 1 4-4) and the equally abru t reversal at stimulus 5 (1 +5) ._

Similar observations may be made in severe other panels of Figure 2 (for e79.-
ample, panels 3 and 6). The data from the mixed condition weigh especially
heavy here. Apparently, then, even when t o stimuli are acoustically superim-
posed and/or perceived as a single.syllabl , the perceptual mechanism does not
treat the composite information simply as he auditory average of its two con-
stituents.

c

Therefore, we must turn to a'dif eient model. The model.to be suggested
assumes that the acoustic cues of the component stimuli remain independent and

'largely intact beyond the auditory pro_essi g stage, even in mixed syllables,
where a stimulus with a rising transit on us one with a falling-transition re-
sults in a fused stimulus with both a g and a falling.transition. We

. assume that to this composite informed a pattern recognition process is ,
applied .that consistsin comparing it w h "ideal" representations ("prototypes"
or "schemata"--cf. Posner, 1969; Rosch, 1975),ofthe rele-irant speech sounds in

'long-term memory. From these ideal representations or prototypes, the one is
° selected that matches the input most closely.

This process of speech recognition can be conceived as active or as passive
(Morton and Broadbent, 1967). The active form is usually refeired to as analy-
sis-by-synthesis, pattern matching, or hypothesis testing. The passive form,
which is preferred here on heuristic grounds, may ,be formplatad ih terms of
Morton's "logogen model" (Morton, 1969) or in terms of banks of selectively
tuned feature detectprs (e.g., Cooper and Nager, 1975)., An equivalent but more
abStract conception is in terms of a multidimensional perceptual spice

.
whose

dimensions are the derived auditory characteristics of the relevant set of
speech sounds. The relevant response alternatives are located as fixed "ideal
points" in this n-dimensional space, while an incoming stim4us'generates a
point at some location corresponding to its auditory properties. BeCause syn-
thetic stimuli are acoustically much simpler than real speech (which the proto-
types represent), they will be mapped into a subspace of lower dimensionality,
for example, a F2-P3-transition-frequency plane, in the present case. The dis7
stances from the stimulus point to all prototypes are assessed in, parallel,' and
a subsequent decision process selects the prototype with the shortest associ-
atedsdistance,as response. A more concrete conceptualization of the calculation
of distances is in terms of a "spread of excitation" from the stimulus points,
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whit leads the prototypes to be activated or to "resonate" in proportion to
their istance from the stimulus point.

The del thus comprises three states: (1) AUditory processing, 'which maps

an acoustic timulus into perceptual space; (2) multicategorical processing,
which generat s a multicategorical vector of prototype activation values; and
,(3) a (uni)cate orical decision, which selectS the response category by deter-
mining the large element in the multicategorical vector. (Stages 2 and 3 con-

stitute what has been traditionally called phonetic processing--Pisoni, 1975;
Studdert-Kennedy, iri\press.)8

Random variakilit;Nmay arise at any of the three processing levels: in the

representation of the stimulus joints in perceptual space ("perceptual noise"- -
cf. Repp, 1975b), or in the baseline activation levels of the prototypes, or
perhaps,in the final decision process itself. These details will.not concern us
further here. The point to be made is that a stochastic pattern recognition
model of this sort may provide a useful framework for explaiding the speech,rec-
ognition process, even when applied_in an informal that is, nonnumerical)
fashion.

This model should apply to dichotic fusions or mixed stimuli as well as- to

any single input. Since the location of a stimulus point in the hypothetical
perceptual space is determined by its derived auditory characteristics (its
"acoustic cues"), and since.fused or mixed stimuli contain multiple cues (for
example, two dAfferent transitions of the same formant), they will lead to two
stimulus points' in perceptual space'. The listentr is usually not aware of thii
fact but only of the perceptual outcome,that will be determined by the proto-
type that reaches the highest level of activation from the Simultaneous preS'eice
of the two stimulus points.

This assumption predicts the most important feature of the data: the pat-

teAp of dominance relationships. The model implies that, of two fused stimuli,

thaIntimUlus will dominate that is closet to a prototype in'perceptual space.
In othtr words, stimuli close to a category boundary and far from the category
prototypes will tend to be dominated by stimuli that are far from a category
boundary and close to a prototype. This is what Figure 2 seems to show, on the

whole. Stimulus 1, for example, dominates 5 precisely because the latter is
ambiguous, whereas it does not dominate 4, which is a good /dm/; and it domin-

ates 7 only slightly, since 7 is a good /gm/. Stimulus 2, which is a less
0,

8
This "holistic" mo automatically takes into account certain interactions be-

tween the processing different features of a speech sound. An alternative

model might postulate t t " multicategorical" processing takes place at the

auditory level, by means of, selectively tuned feature detectors (e.g., Cooper

and Nager, 1975) that yt as auditory prototypes. This auditory stage Would

then be followed by aAeries of feature decisions whose outcomes are finally

combined into a response. However, this model would have to explain why the
feature detectors are selectively tuned as they are, and it would hale to in-

clude additional mechanisms for the interaction of different feature decisions..
It is worthwhile, therefore, to adopt, the holistic model as a working hypothe- ,

sia, until there is sufficient reason to reject it. We cannot decide between

the two modela'on the basis,of the present data because only a single feature'

is involved.

i3
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perfect hal, tends to be domina4ted by ost other stimuli, and so, on. The pre-
dictions of the model are not confirmed n every detail, but they nevertheless
seem to provide the best explanation of e overall pattern.

I
.

However, there are other features that the model cannot explain as it .

stands. Note that stimulus 7 is dominated mos.strongly hy.3, while 1 is dom-
inated Most strongly by 4 (Figure 2). In addition, psychoacoustic fusions and
the differences between dichotic and mixed pairs peed to be accounted for.

.

Psychoacoustic fusions are explained as follows: if a stimulus in isola-
tion receives 100 pergent B responses, this does not mean that only the B proto=
type has been activated.by this stimulus. Because of the hypothetical spread
of excitation, all prototypes will be activated to some degree; but if the
timulus is sufficiently close to the B prototype and the noise in the system
not too high, the activation' levels of the other prototypes will never ex-

ce d the level of the B prototype. However, in dichotic competition the activ-
ation resulting from the two stimulus points will be integrated by the proto-
types, and since the D prototype is likely 'to lie somewhere between the B and. G
prototypes in perceptual space, it will profit most from this integration. If
both the /bm/ and the /0/stimulus in a pair are close to the j) boundary, their
joint activation of the D prototype may even exceed that of the B and G proto-
types. So, for example, 2+7 should yield more D responses than 1+7; and 2+6,
more than 1+6, which was in fact obtained (cf. also Cutting, 1976). Thcom-
ponent stimuli, 6 and 7, On the other hand, had no differential,effect of D re-
sponses, which seems to imply that their activation of the D prototype was equal
in degree. This, is not quite in accord with the model, but it is plausible that
differences at higher frequencies have a smaller effect than differences at low-
er frequencies.

The same reasoning emdains why 1 was doiinated mdst strongly by 4, but 7
was dominated most strongly by"3. Clearly, 3 is more likely to activate the 13'
prototype than 4, so that, in the pair 1+3, the B activations will summate and
outweigh the D activation due primarily to 3 alone. In 1+4, 4 will contribute
less to the activation of the B prototype and D, will have a stronger stand
against B. The opposite argument applies when 3 and 4 are paired with 7.
(These relationships are also predicted by the auditory averaging model.)

The prototype model cannot account for the differences between the dichotic
and mixed conditions. Most likely, this difference can be traced back to pe-
ripheral auditory masking, which comes into play in the mixed condition. The
data suggest that, in mixed syllables, rising transitions (in stimuli 1 and 2)
-tended to mask"(dominate) falling transitions, and relatively flat Torments
(stimuli 3 and 4) tended to mask rising transitions. The first effect may re-
flect the "upward spregd,of masking" familiar from the auditory masking litera-
ture, while the second effect may reflect a higher susceptibility to masking of
transitions-,in general, as compared to steady-state formants. The reduction in
psychoacoustic fusions in the mixed condition was most likely due to the making
of /gm/ by /bm/, so that B responses increased at the expense of Land G re-
sponses.

The results pertaining to ear advantages will =be discussed after two,addi-
tional experiments have been reported.
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EXPERIMENT III

Thisbrief'experiment served to demonstrate what had been based only. on in-
trospective evidence in Experiment I, viz. that dichotic fusions are difficult
or impossible to discriminate dtrom binaural.syllables. In the Introduction,,I

' have referred to the results of several experiments that seemed to show .that
cplace contrasts frequently,'but not always (in.about 60 percent of the cases),

sound like a single syllable (Halwes, 1969; Blumetein and Cooper, 1972;.Repp,
1976). However, these studies did not differentiate Iptween voiced and voice-
less place contrasts (the latter may be lesP completely fused than the former),
and they employed.only A single, unambiguous token from each category, so that
the frequent ambiguity of dichotic fusions may have assumed the role of a dis-
tinctive cue. Td test the prOposition that binaural and dichotic pairs cannot
be distinguished, ambiguity must be made irrelevant. This is at least partially
achieved by using syllables from a place continuum, so that.at least one of the
identical pairs will be ambiguous (stimulus 5, in the present case). The false-

alarm rates ("different" responses) for this ambiguous pair should reveal
whether the ambiguity cue plays any role.

Method

/-
Subjects. Eight subjects (four men and four women) participated who had

' not taken part in Experiments I and II. All subjects were right-handed and
without hearing trouble, with the exception of one sunject who claimed to have
a 5-dB hearing loss in the.right ear.

Materials. The stimulus tape of Experiment I was useds-

Procedure. This discrimination task was appended to Experiment IV, taking
up the last,20 minute of a session. Each subject listened first to one block

of 84 syllable paird (half identical, half nonidentical) and wrote down "1" when
he thought a pair consisted of two identical syllables and "2," when it consisted
of two different syllables. (To avoid confusion with the stimulus numbers,
these responses will be ,referred to as "same" and "different," respectively.)
During the next block of 84 syllable pairs, the subject merely followed the cor-
rect responPes that had been filled in on the answer sheet. After this feedback

trial, another block of judgments followed. The subjects were instructed that
there was an equal numbei of identical and nonidentical pairs, and that ambiguity
was not an indication that two different syllables had been presented.

, Results and Discussion

As predicted, average performance was very poor, although slightly above
chance (56 percent correqt):. Vie performance of three individual tubjects,was
significantly above chance (67, 62, and 38 percent correct, respectively'). BHR,

Who participated in.four sessions, performed at chance level (51 perdent cor-
rect), and so did another highly.ezperienced listener who listened informally.
The feedback did notimprove,pa#0ftance.

k *

Amore detailed Analysis was conducted in.order to find out wntther_ambigu-

ity.played a role, and whether accuracy increased the acoustic dissimilarity

.of,thesyllabletin a pair. The data ai.e.,Shown in Table 6. The most ambiguous

Identical pair, 5+5, did not show an increased false-alarm rate, suggesting
thatambigui4 did,eot sexve-as a distinctive cue in this task. On the other
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hand, the "hit rate" for nonidentical pairs increased monotonically with the
number of steps separating the two syllables in a pair. At the first glance,
this seemed to suggest that within-pair acoustic dissimilarity played a role.
However, a closer look at the data showed th4t,this was probably not true, and
that the result was due to the confounding of acoustic separation with the
acoustic characteristics of the component syllables.. (Pairs with large separa-
tiong did not contain any stimuli from the middle of the continuum.) Table 6
shows that both'the hit rates for nonidentical pairs, and the false-alarm rates
for identical pairs were greatly increased when a pair contained stimulus 1,
indlicating a strong bins to respond "different." Hit rates were also increased
for most pairs containing stimuli 2 or 7, relative to the remaining pairs.
However, within these groups of pairs (holding one stimulus constant), no clear
relation to acoustic dissimilarity could be discerned.

TABLE 6: Percentages of "different" responses to nonidentical pairs ("hits,"
off-diagonal) and identical pairs ("falfie alarms," diagonal).

1.
2

Stimulus number

3 4 5 6 7
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50
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50
50

50

40

28
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38

47

26

28

-34
53

30
25

47

21

16 19

The most likely explanation of this pattern of results is that the stimuli
from the ends of the continuum had some peculiar acoustic properties, perhapg
owing to the steep slope of their .transitions. This,artifact, which may have
been due to liMitations of the synthesizer or may have been psychoacoustic in
nature, was apparently interpreted incorrectly as a relevant cue. The only ex-
ception to this interpretation is the very low rates of "different" responses
to the pairs 6+7 and 7+7 (Table,6).

Apart from this issue; the data do provide some evidence of better-lhan-
chance performance of some subjects, which remains an astonishing and somewhat
puzzling feat. For all practical purposes, however, it may be concluded that
dichotic voiced place contrasts Ate perceived as single syllables.

EXPERIMENT IV

The fourth experiment served 'three purposes. First; it attempted to demon-
strate the ineBfectiveness of selective-Attention instructions with dichotic
fusions. Although^Halwes (1969:.Experiment 5) found no effect of selective
attention in "fused" syllable pairs, a subsequent experiment of his,,showed'a
slight effect (Halwes, 1969:Expetiment 6). His stimuli actually included all
six stop consonants and were called "fused" only bedause they had the same fun-
damental frequency. Repp (1973, 1976) has also demonstrated small selective-
attention effects' for such stimuli. The question here is whether the components
of perfectly fused voiced place contrasts can be attended selectively.



The second purpose was a test of the hypothesis suggested by BHRISs'smaller

REA for two-formant stimuli than for three-formani stimuli in Experiment I
(Tabre,4). It may be that stimulus complexity (which in turn,may be related to
speech- likeness and naturalness) is positively correlated with the REA obtained.
For this purpose, two-formant and three-,formant pairs were compared in the same
design. The role of the third formant in stimulus dominance relationships was
also of interest.

The third purpose of Experiment IV was sim y to create a more typical test

situation, using only one taken from each cat gory, in order to find out, how

serious the problems of stimulus dominance, timulus heterogeneity, and individ-

ual differences actually are in, this more "nat ral" setting. Any such problems

encountered should reinforce the methodological suggestions to be made in the
final Discussion.

Method

Sub ects. The same subjects as in Experiment III participated. However,

the data of one subject who did not hear any /gm/s at all were excluded and re-
placed by data for BHR as a subject (f±bm the first of four sessions in which
he participated).

Materials. The stimuli were three syllables, with or without third for-
from the same place continuum as in the earlier experiments. /dm/

was stimulus 4 of Table 1, the /bm/ had slightly, more extreme transitions than

stimulus 1 of Table 1 (starting frequency of F2: 1.232 Hz; 13, if present:

2180 Hz), and the /gm/ was intermediate between stimuli 6 and 7 (F2: 2156 Hz;

F3; 2180 Hz).

The experimental tape contained a brief monaural practice list of 30 random
syllables (five replications of each of the six samuli). This was followed by

two blocks of 180 dichotic pairs. Each block contained 10 subblocks, each rep-
resenting a different randomization of 18 dichotic pairs made up from the nine
possible combinations of the three syllables with two fo'rmants and with three

formants, respectively. (Two-formant and three-formant stimuli were never:

paired with each other,)
"

Procedure. After trying to identify the practice syllables (and repeating
the series, irnecessary), the subjects listened twice to the experimental tape,

that is, to four blocks of 180 dichotic pairs. For two of these blocks, the
subjects were instructed to shift their attention to one side, by whatever means

they found suitable. It was explained that the syllables actually consisted of
two different inputs, and that only the syllables in the designated ear were 0

be identified, In the remaining two blocks, no selective attention was required,
and the subjects simply wrote down what the fused syllables sounded like: The

sequence of attention/no-attention conditions and of left-ear and right-ear'

'selective attention was counterbalanced across subjects.

Results

The data were analyzed as in Experiment I. There was a significant overall

TEA (0E = +0.07, 2. < .01). Five of the eight subjects showed significant REAs,
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one:subject a significant LEA.9 The hypothesis of a difference in REA for two-
formant and three-formant syllables was not confirmed. Although individual sub-
jects showed considerable differences, the average OE indices were identical.
BHR even showed a slightly larger REA with two-formant syllables, contrary to
the opposite difference in Experiment I, which had given rise to the hypothesis
in the first place.

The effect of selective attention was very peculiar: the differences were
precisely in the wrong directiOn. The OE coefficients were +0.12 for left-ear
attention, +Q.03 for right-ear attention, and +0.07 for no-attention. The
effect was very similar for two-formant and three-formant stimuli. However, no
individual subject showed any clear evidence of consistent positive or negative
selective attention effects, so that the inverted pattern may have been due to
chance. Two subjects showed an inversion of the REA as a function of selective
attention but regardless of the ear attended, to.

The frequency of psychoacoustic fusions was low (12 percent), as expected
with acoustically dissimilar stimuli. This percentage excludes the data of BHR.
'who, as in Experiment I, showed a much higher frequency (35 percent).. Quite
surprisingly, and contrary to BHR's control results in Experiment I, psycho-
acoustic fusions were more frequent with three-formant than with two-formant
stimuli (15 vs. 8 percent for the seven subjects; 41 vs. 28 percent for BHR).

There was a reliable difference in the stimulus dominance pattern between
two-forMant and three-formant syllables, which'is shown in Table 7 and may be
characterized as a reduction in the "strength" of /dm/ when the'third formant
was removed. This was already evident in the identification of binaural pairs:
the two-foriant /dm/' received only 86 percent correct responses, while the
three-formant /dm/ received 94 percent. (The intelligibility of the other stiar
uli did not chang.) Table 7 shoals that, with three formants present, ,/dm/
dominated /bm/ and /gm/. With two formants, the pattern was reversed. This
indicates that an F3 transition was more 1pportant for /d,* than for /bm/ and
/gml; and it supports the hypothesis; set forth earlier, that a poor,representa-
tive of a category will be dominated by better examples of !other categories.
Again, -however, there were large individual differences in dominance patterns.

The 0E coefficients for the three-individuAl stimulus pairs (which were
similar for two- and three-formant stimuli) are also shown in'Table 7. Surprris-

ingly, /dm+g/ pairs did not exhibit an average REA. BHR(who participate
four sessions) even showed a LEA with this pair, but a iclear REA with the other

two. Howeverart from BIIR's data, this phenomenon was not reliable for in-
dividual subjects who showed large variations in their ear advantages for indi-
viduad. pairs, Both the /dx+gze/ anomaly and the high variability are somewhat

disconcerting. It will be recalled that Experiment I did not show any compar-

able effect.

9This was the subject Kilo claimed to have a 5-dB hearing loss in the fight ear.
However, it would be quite surprising if this had been the cause of the
dichotic asymmetry, considering that channel differences much larger than 5 dB

have only little effect Ion the dichotic ear advantage at the intensities used ,

here (Speaks and Bissonette, 1975).
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TABLE 7:' Stimulus dominance indices for individual stimulus pairs, and ear dom-
inance indices (averaged over two- and three-formant stimuli)., (Note:
A positive 0D indexindicates dominance of the stimulus named first.)

ibm +dm/ /dm +gze/ /bm+gse/

,threeformalit op -0.31 +0.40 +0.45
two- formant OD +0.09 -0.31 +0.32

average OE +0.14 -0.01 +0.11

GENERAL DISCUSSION: II.,MEASURING THE EAR ADVANTAGE

The presence of a significant average REA for dichotic fusions is evidence-
that, despite the subjective impression of a single syllable, the information
from the two ears remains functionally separated until it converges upon the
dominant hemisphere. It makes unlikely a low-level auditory mixing mechanism
that combines spectrally similar information and routes it to both hemispheres,
because such a mechanism would haye to be influenced by hemispheric dominance.
Rather, it seems that each stimulus first arrives at the .contralateral hemi-
sphere, and integration takes place only when the information is recombined
after considerable auditory (and perhaps even initial phonetic) processing in
each hemisphere, which has been a common assumption in dichotic listening re-
search (Stuidert-Kennedy and Shankweiler, 1970). The REA for dichotic fusions
challenges an interpretation in terms of spatial location only (Morais and
Bektelson, 1973; Morais,.1975). 4nce only a single stimulus is heard that is
localized in the median plane, the hypothesis that stimuli that come from the ..

right. are perceived more accurately does not apply.

The subjective06noteffffilof fuSion (hearing only a single stimulus) prob-
.. ably does arise from a low-level cross-correlational mechanism, but it is

apparently separate from, and unrelated to, the subsequent allocation and inte-
gration of information. This has two interesting implications: (1) in the
limiting case, identical binaural stimuli may also be independently transmitted
to theit respective contralateral hemispheres and perceptually combined only at
a central level; and, more importantly, (2) the identification op less complete-
ly fused dichotic stimuli (e.g,, voicing contrasts) should be explainable by the
same principles as the identification of dichotic fusions, for example, by the
prototype model proposed earlier. This view is in basic agreement with the con-
clusions of Halwes (1969); who found that subjective fusion versus nonfusion was
largely irrelevant to the pattern of responses.

It also follows from these conclusions that other types of dichotic con-
trasts should lend themselves to the one-response, no-attention requirement
("What does it sound like?") whose advantages over the two-response paradigm
have already been outlined in the Introduction (cf. Geffner and Dorman, in press,
who used this method successfully with four-year7old children). However, what
makes voiced place contrasts especially. .convenient from a methodological stand-
point is (1) that the task is "natural" because the listeners are not aware of
different inputs to the two ears, (2) that the fused stimuli do not sound
strange (as other dichotic contrasts often do) but similar to binaural syllables,
'(3) that they do not invite selective attention strategies (however ineffective
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they may be), and (4) that relatively few responses are given that are ambiguous
with respect to ear dominance (psychoacoustic fusions). The last problem can be
completely eliminated by simply omitting ibm-i-gm/ pairs from dichotic tests. A
dichotic test composed only of ibm-i-gm/ and /dm+g-&/ pairs, interspersed with
binaural controls, should be a useful instrument to try out.

However, such a test still presents some major problems. Foremost among
these is the phenomenon of stimulus dominance and the large individual variations
connected with it. Extreme dominance of one stimulus in a pair must be pre-
vented; otherwise, this dichotic pair will.provide no information about ear
dominance. Then, there is, the important question of the relationship between
stimulus dominance and ear dominance that' parallels, but is not identical with,
the question-of the relationship between performance level and ear dominance in
the two-response paradigm (Kuhn, 1973).10 Finally, there is the question of
item homogeneity: Do different dichotic pairs measure the ear advantage to the
same degree, even if they have equal stimulus dominance coefficients?

Unlike performance level in the*two-response paradigm, which is a global
index and cannot be manipulated by the experimenter; stimulus dominance is a
characteristic of individual stimulus pairs and can be controlled to a certain
degree4by manipulating stimulus parameters, as demonstrated in Experiment I.
There are two possible ways of making use of this control. One ia to try to
minimize stimulus dominance and to bring all stimulus pairs as close to equilib-
rium (OD = 0) as possible. Because of individual differences, construction of a
single optimal test is out of the question. An appropriate method would be
testing under computer control, where, during an initial adaptive phase of
testing, the computer keeps track of the responses and adjusts the stimulus
parameters to reduce asymmetries. Such a procedure is worth exploring but has
some drawbacks: it does not guard against drifts of stimulus dominance during
the actual testing phase, and it requires sophisticated equipment and.theref
is of little value outside the laboratory. The, other alternative is to con-
struct a test'containing a variety.Of Stimuli, SQ that the individual pairs span
a wide range of stimulus dominance relationships (as in Experiment I). In order
to derive a valid measure of ear dominance, in this case, the nature of the re-'
lationship betWeen stimulus dominance and ear dominance must'be known. Since it

is reasonable to expect that ear dominance will be maximal when stimulus domi-Jk
nance is minimal, a global 0E index obtained from summed response frequencies
(as in Experiment I) or from averaged ear dominance coefficients for individual
Pairs will underestimate the "true" ear advantage and will not be comparable
from individual to individual, because of different individual stimulus domi-
nance pattern's. A method for inferring the true ear advantage is needed.

-The situation is formally analogous to that In signal detection. Ear
dominance represets "sensitivity" and stimulus dominance represents "bias."
When there is extilleme bias (0D = ±1), sensitivity cannot be determined (OE = 0).

When sensitivity is optimal (OE = ±1), there cannot be any bias (0D = 0).

10
The question of performance level also arises in the present paradigm, in the

form of confusions. As long as the confusions are-not too.numerovs, however,
their impact is negligible because of the weighting procedure employed

[Eq. (1)]. There are some individuals, however, who seem to be unable to
give consistent identification responses to the synthetic syllables used
here.
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Between these extremes,, the two tendencies mutually constrain each other, For

example, whe /T.(i)/N = 0.8 (OD = it can easily be shoVin that TRE/N is

restricted the range b6Ween 01-.1and.0.7 (OE.between f-01.5); and OE constrains

On in a s lar fashion. In order to apply the methods of signal detection
theory, one event (fo example, responding i when i-jis presented, with i in

th= ear) may be arbitrarily chosen to represent "hits," and another event

(respoqdi i when j-i is presented, with i in the ;eft ear), "false alarms."

However, the crucial requirement.is that4Sensitivity (namely, the "true" ears

.advan ge) be independent of the
/
bias (stimulus dominance). Since stimulus

,

don nance is varied by changing t1'e charaqeristics of the_atimuli (rather than

b manipulating the listeners' 'criteria), A is an important empirical question.

hether all ite are homogeneous (in the test-theoretical sense) and measure

the same kind or ear advantage,'so that all stimulus pairs/can be represented

as points on the same single receiver-operating-qharacteristic function.

The results of the present experiments create some doubts about whether the

homogeneity assumption will be tenable. When p'l'otted as "hits' versus "false

alarms," the stimulus pairs of Experiment I exhibited considerable scatter,
perhaps owing to the high individdal variability in the data. There was also a

-tendency for OE to increase with the acoustic dissimilarity of the component
stimuli in a dichotic pair. At the same time, there was no negativg_correlation

/s between OE and IODJ (r = +0.04), so that an increase in OE could not be ex-
Prlained by asimultaneous decrease of dominance asynnetries."-,/ In Experiment IV,

one of the three stimulus pairs showed no REA. Again, this was not related to

stimulus dominance (cf. Table.7). As a result, no monotonic receiyer-operating
characteristic function will,fit these data well. Further research will be Ee-

quired to determine the reliability of the present findings. It be useful

to compare variations in stimulus dominande produced by varying stimulus param-

eters with similar variations introduced by other means, such as adaptation

(Cooper; 1974; Miller, 1975)-.

A more explicit model of dichotic interaction would also contribuV to the

solution of this methodological problem. In mathematical terms, stimulus domi-

nance (bias) and ear aminance (sensitivity) mutually constrain each other.

However, in the actual processing chain, the constraint may well be unidirec-

tional,'since it is highly likely that,the two asymmetries arise at different'
stages in processing. Since stimulus dominance effects were more pronounced

than.eat dominance effects but did not correlate with the latter, the present

data suggest that the cause of ear dominance precedes the cause of stimulua

dominance in the prOtessinrhierarchy. This is in agreement with the hypothesis

that ascribes ear dominance to transcallosal transmission loss but stimulus

dominance to subsequent integration of information in the dominant hemisphere.
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Discrimination of Dichotic Fusions

Bruno H. Repp*

ABSTRACT

t
,

ii - The discriminability of dichotic fusions (dichotic voiced stop-
. .consonant- plus -vowel syllables from the "place continuum" /hm/-/dm/-

/gm/) was assessed in an AXB paradigm by presenting stimuli composed
of's variable stimulus in one ear and a constant stimulus (either
Am/ or /gm/) in the other ear. In a control condition, the variah4e
stimuli were presented without the constant stimulus. On the "cate-
gorical-perception" assumption that syllables are discriminated only
as well as their labels, dichotic discrimination performance was pre -
dicted -.to be poor and without the typical peaks and troughs observed

I
in single-channel discrimination. However, the obtained discrimina-
tion functions showed basically the same peaks and troughs as the

f single-channel functibns, regardless of the nature of the constant
stimulus; only performance was lower. A,second experiment, employing
three variants of the dichotic discrimination task, ruled out selec-
'tive attention to one channel as an explanation. The results strong-, ._

.ly suggest that the discrimination of speech sounds is not based on
their phonetic labels but on loiter -level codes whose discrete ele-
ments represent the proximities of the stimuli to_severarfixed "pro-
totypes" ("multicategorical vectors"). Dichotic integration is
assumed to precede discrimination and to consist of a weighted aver-
aging of the multicategorical vectors of the component stimuli. (The

weights represent ear dominance effects, which tended,to favor the 0

right ear but were not very consistent in the present discrimination
tasks.) .

INTRODUCTION

Many recent studies of dichotic listening have employed as stimulithe six
stop consonant& followed by a 'constant vowel (e.g., /ba/, /da/, /ga /, /pa/,
/ta/, /ka/). It has been known for some time that some of the.dichotio,con-
trasts made up from these stimuli tend to fuse and sound like a singlellable
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(Halwes, 1969; Repp, 1976a; Cutting, 1976). In a recent paper, Repp (1976b)
demonstrated that dichotic pairs of precisely aligned synthetic syllables dif-
fering only in the initial formant transitions ( /bm/, /dm/, /gm/) are virtually
indistinguishable from binaural syllables; in other words, they fuse perfectly
and sound like single (binaural) syllables. Repp (1976b) presented detailed
identification data for such dichotic fusions, and he also showed that the
characteristic right-ear advantage is obtained with these stimuli and that pay-
ing selective attention to one ear has little effect on the responses.

E.

The present studies investigated the discrimination of these dichotic fu-
sions. The principal question was: Is the perception of dichotic fusions cat-
egorical? It is well-known that single syllables that differ only in their for-
mant transitions (i.e., syllables from a "place continuum") are discriminated
very poorly as long as they fall within the same category (Liberman, Harris,
Hoffman, and Griffith, 1957; Eimas, 1963; Pisoni, 1971). Discrimination per-
formance can be fairly accurately predicted from knowledge'of the labeling func-
tion, assuming that discrimination relies solely on the phonetic categories
assigned to the stimuli. Since single syllables are perceived in this categor-
ical fashion, and since dichotic fusions sound like single syllables, it was
only reasonable to expect that their perception would likewise be categorical,

.
so that discrimination performance could be accurately predicted fpm identifi- r
_cation data for the same fusions. However, the possibility remained that, de-
spite subjective fusion, information from the individual channels might be
accessible to some, degree in a discrimination task; in this case, performance
should be better than predicted.

The task selected was termed "one-eat discrimination." It required the .

listener to discriminate-between" two dichotic fusi9os that differed only in the
component pretented to one ear (the variable stimulus') but not in the other com-
ponent (the constant stimulus--cf. Figure 2). Of course, the subjects were not
aware of the separate component.S but heard only single, fused syllables. In.a ,

control condition, the variable stimuli were presented by themselves, without
the constant stimulus. By comparing the results of this single-channel control
with those of dichotic one-ear discrimination, the effect of the constant stimu-
li could be ascertained. "Categorical-perception"predictions were derived
from the identification data in Repp (1976b).

A secondary question concerned the dichotic right-ear advantage (REA).
Since the variable stimulus amid occur either in the left or the right ear, .

one-ear discrimination perfordiancewas expected to be higher when it was, in the
right ear. The magnitude of the REA coulclactually be predicted from the iden-
tification data, and the one-§ar discrimination task seemed interesting as a
possible,alternative'to identification tass:in assessing ear advantages, On
the other hand, the REA might:turn out to:be either larger or smaller than pre-
dicted. The first outcome would suggest that the discrimination task is,a more
sensitive indicator of ear asymmetries than the identification task, while the
second outcome would suggest that the listeners base their discriminations on
stimulus codes that are'less lateralized or bilaterally repreeented. Both out-
comes would be in disagreementwith the assumptions of categorical perception.

Before the experiments are discussed, two.remarks On methodology are'in
order.
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An AXB discrimination paradigm was-used in fall the present studies: three

successive stimuli were presented, and the listener had to decide whether the
second stimulus was equal to the first (AAB or same-different configuration) or
to the third (ABB or different-same configuration). This paradigm has been

rarely used in the past, although it seems to combine the advantages of the more
popular ABX and 4IAX paradigms (Pisoni, 1971; Pisoni and Lazarus, 1974). Pisoni

has demonstrated that the 4IAX paradigm, which consists in judging which of two
successive pairs of stimuli contairia difference, leads to higher performance
than the ABX paradigm, presumably because of the possibility of a "secon4Forder"
comparison between subjective differences. The AXB paradigm also allows such

second-order comparisons (of the A-X difference with the X-B difference), since
tpe two identical stimuli never straddle the Odd one (as is the case in the ABA
configuration of the ABX paradigm). Thus, AYE May well be as sensitive as 4IAX,

but it is as economical as ABX, since only three stimuli are presented in a
trial.

In the tasks described here, it is important that the dichotic syllables
are exactly simultaneous. Even very small asynchronies may lead to changes in
the subjective location of successive fused stimuli (henceforth referred to as
"location shifts"),' which will aid discrimination and confound the results.
Cherry and Sayers (1956) and, more recently, Young, Parker, and Carhart (1975)
have shown that the discrimination threshold for temporal' asynchronies between
binaural speech sound6 is as low as 0.02 to 0.03 'msec, which sets. the upper
limit for the permissible error in the present studies. This precision is not

achieved by standard procedures for recording dichotic tall'es,'a fact that was
fully realized only after the present experiments (Experiments IA and IIA) shad
been conducted. Therefore, both experiments were replicated after a procedure
for more precise syllable alignment had been devised, and the original studies
will be described together with their replications (Experiments IB and IIB).
With the exception of one part of Experiment HA, which.phowed evidence of arti-
facts, the replications confirmed the original data.

EXPERIMENTS IA AND IB

Method'

Sub ects. There were seven subjects in Experiment IA and seven different
subjects in the replication, Experiment IB. All were paid volunteers, right -

handed, and relatively inexperienced listeners The subjects of Experiment IA
had .previously garticipated in an identification task using the same stimuli

(Repp, 1976b: Experimeht I). The data of one additional subject in each'study
were excluded because they were at chance level.

Stimuli. The " stimuli were seven syllables from a "place continuum" (Pisoni,

1971), ranging perceptually from-/W to /dm/ to /gm/. They were produced on

the Haskins Laboratories parallel resonance synthesizer. All syllables had the

same duration (280 msec), a constant fundaMental frequency (114 Hz), a voice.
onset time (VOT) of -15 msec (i.e., prevoiding), 45-msec linear transitions, and
no bursts but an abrupt onset of energy following the prevoicing. They differed

only. in the onset frequencies of the second-formant (F2) and third- formant (F3)
transitions, which are-shown in Table 1.
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TABLE 1: Starting frequencies (in Hz) of second-formant (F2) and third-formant
(F3) transitions of the seven stimuli.

Stimulus No. F2 F3

1 1312 2348
2 l456 2694
3 1620 3026
4 1772 3026
5 1920 2694

, 6 2078 2348
7 2234 2018

/m/ 1620 2862

Dichotic pairs were' constructed using the pulse code modulation (PCM) sys-
tem at Haskins Laboratories. This procedure involved digital sampling of the
synthesizer-output with a standard sampling rate of 8,000/sec in Experiment IA,
resulting in a random sampling error not exceeding 0.125 msec, which remained
fixed for each individual stimulus. In addition,' because the smallest accessible
unit was two samples, the onset, of a stimulus could be in an even or in an odd
sample, so that the onsets of two dichotic syllables could be off by ±0.125
msec. (This was frobably the more important factor.) In Experiment IB, all

' syllableswere redigitized until they all started in an odd sample, which 4isr
inated the onset asynchronies. In addition, a faster sampling rate was used
(20,000/sec), which reduced the random error to below 0.05 msec. Furthermore, a
magnified section of the steady-state vowel of each stimulus was displayed-on a
storage oscilloscope and compared to a standard waveform selected from one of
the stimuli. Poor matches were rejected, and the stimuli were redigitized until
their waveforms matched the standard quite well. This procedure reduced the
random error to at least half its magnitude and, thus, below the detection
threshold for "location shifts."1

In Experiment IB, the following characteristics of the stimuli were inad-
vertently changed: overall' duration was reduced to 196 msec, prevoicing to 10
msec, and transition duration to 38 msec.

The experimental tape of Experiment IA contained first a random series of
.44 AXB triads of single syllables (i.e., in one channel only). Only the six
"one-step" (1 vs. 2, 2 vs. 3, etc.) and the five "two-atep" (1 vs. 3, 2 vs. 4,
etc.) discriminations were included, in each of the four possible AXB configura-
tions (AAH, ABB, BBA, BAA). This was followed by a series of 88 dichotic triads
in which the sane (variable) stimuli in one ear were combined with the constant'
stimulus (/bm/) in the other ear. The variable stimulus could occur either in
the left or the right ear. Another similar series of 88 dichotic triads followed ,

in which the constant stimulus was 7 (/gm/). Finally, there was another series
of 44 single-channel triads. The interstimulus intefVal was 1 sec and the inter-
triad interval 3 sec.

fu,

1
It should be-noted that neither the author nor any of the other subjects re-
ported.any location shifts in Experiment IA. Nevertheless, the replication

seemed an,appropriate cautionary measure.
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The experimental tape of Experiment IB differed from that of Experiment IA

in that the two constant stimuli, 1 and 7, were not blocked but randomized, so .
that the dichotic triads constituted a single block of 176 trials.

Procedure. The subjects were tested in small groups, usually joined by:the'

experimenter, in a single *session lasting approximatq.y 90 minutes. Playback

was from an Ampex AB-500 tape recorder through an amplifier to Telephonic
TDH-39 earphones. Playback intensity was adjusted and monitored on a Hewlett -

Packard voltmeter, and special care was taken to equalize the intensities of the
two Channels at about 85 dB SPL (peak deflections, for individual syllables),
which was the intensity used in the earlier, identification study.

Eachepubject listened to the experimental tapq'twice. The earphone channels

were Atgrchanged electronically before the second run. The single-channel

trials were presented binaurally in Experiment IA but monaurally in Experiment
IB. The AXB paradigm was explained in detail: X was desCrif,ed as a variable

stimulus that could be equal either to A or to B, the latter two always being dif-
ferent from each other. Correspondingly, the subjects were asked, to write down

A or B as their responses and to guest when uncertain. The two configura-
tions A=X OB (same-different) and AOX=.'B (Ilifferent-same), wens pointed out
and appeared in this form as a reminder on the answer sheets. This was intended

to guide the subjects to a processing ntreegy similar to that in a 4IAX para-
digm. The subjects were not informed OORt the dichotic, nature of'the stimuli
until after the experiment.

!"

In summary, Experiment IB differed from Experiment IA by (1) more precise
stimulus synchronization, (2) shorter stimulus and transition durations, (3)
monaural instead of binaural presentation of single-channel trials, and (4) ran-
dom instead of blocked sequences of the two constant'stimuli in dichotic.trials.
However, none of these changes was expected to have any.great effect, and
Experiments IA and IB were expected,ta agree in their main results.

Results

Single-channel discrimination. The average, single-channel discrimination
performance in the two experiments is shown in te left-hand panels of Figure 1.
The upper panel also shows the functions predicted from the identification data
(Repp, 1976b: Experiment I), assuming perfect categorical perception and

absence of sequential, effects. The prediction formula is the same as in the

ABX and 4IAX paradigms (Pollack and Pisoni, 19.71).

The discrimination functions show the characteristic peaks and troughs of
categorical perception (Pisoni, 1971). They are mare pronounced in Experiment
IB than in Experiment IA, indicating that the nyllables in the'replication study

were labeled more consistently. There'are so

t
deviations from the predictions

in Experiment IA. Most'of these can be expla ed by a shift in the labeling of

stimulus 5 toward G, relative to the earlier lidentification experiment. (There,

stimulus 5 had been the only truly ambiguou6 syllable, andeit had received some-

what more D than G responses.) The functions in the lower panel indicate that
stimulus 5 was consistently labeled G in Eicperiment IB, One deviation from the

predictions that cannot be explained by a shift in labeling responses is the
better-than-chance discrimination of 1 from 2; both syllables were perceived as
B in the identification study, and other features of the discrimination data
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suggest the same for the present studies. This seems to be an instance of true
within-category discriminability. On the whole, however, the data are in good
agreement with the categorical-perception assumption that the stimuli were dis-
criminated little better than by their labels alone.

One-ear discrimination. The middle and right-hand panels of Figure 1 Mus-
e trate the predicted and obtained one-ear discrimination results with 1 and 7,

respectively, as constant stimuli. It is obvious that the obtained discrimina-
tion functions diverged diamatically from the predicted functions. Performance
was expected to be quite poor, especially in the +1 condition (due to stronger
perceptual dominance of 1 than 7 in dichotic competition, as observed in the
identification study), and no pronounced peaks and troughs in the discrimination
functions were predicted (owing to generally inconsistent labeling of'dichotic
fusions). The obtained functions, on the other hand, did show clear peaks and
troughs, and performancevas generally much higher than expected.

This was equally true for both experiments, which demonstrates that the re-
sults in Experiment IA were not due to,artifaceual "location shifts." (In any

case, no such shifts were heard during the experiment.) An analysis of variance
shoWed no significant difference in overall performance level between the We
experiments, nor was there any difference between the overall effects of the two
constant stimuli.2 Those differences that did exist between the two sets of
data were probably due to intersubject variability, blocked versus random,con-
stant stimuli, and perhaps the changes in acoustic stimulus structure.

A comparison of the dichotic with the single-channel discrimination func-
tions in Figure 1 shows that performance was lower in.the dichotic condition but
that the pattern remained basically the same. Despite considerable variation in
detail, the location of the major peaks and troughs did not change as a function
of the constant stimulus in, the other ears The only shift may be seen in the
+7 condition of Experiment IB, where the first valley of the two-step function
has shifted to the left, that is, away from the constant stimulus.3

Ear advantages. The seven subjects in Experiment IA showed only a very
small and nonsignificant average REA (0 = +0.02,; cf. Kuhn, 1973). In.the +7

condition, there was actually a small left-ear advantage (W), while, in. the
+1 condition, there was a somewhat larger REA (0 = 40.06;:e(1) = 3.8; p = .05).
Although the same seven subjects had shown an average REA of OE = +0.08 in the

2
The relatively poor two-step discrimination in the +1 condition of,Experiment
IB was not tested for significahce and remains unexplained.

3
Note atthiS is the opposite effect from that of gda$tation where a migration
oaf pe s and :Valleys toward the adapting stimulus occurs (Cooper, 1974). Ap-

parently, little adaptation took place in the blocked conditions of Experiment

IA. (The possibility of such adaptation effects had prompted the rdomization
of constant stimuli in the replication study.) The author participa ed as an

additional subject in four sessions of each experiment. His data generally con-

firmed the results of the less experienced listeners, except that he:showed more
pronounced migrations of the discrirmihation peaks away from the constant stimu-
ius end of the continuum.. An explahation for this deviant result will be sug-,

gested in Footnote 8.
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identification task (see Repp,.1976b, about calculation of OR), the REA in dis-
crimination was predicted to be smaller, so that the obtained average REA was
of the expected magnitude. However, there was no agreement with the predictions
at a more detailed level, and there was no relationship between the ear advan-
tages in the identifichtion and discrimination tasks. No individual 0 coeffi-
Cient reached signifibance.

In Experiment IB, there was no average ear asymmetry at all, and there was
no difference between the +1 and +7 conditions. However, two subjects showed
significant individual ear asymmetries (one REA and one LEA).4

'.,A joint analysis of variance of the two experiments showed no significant
ear advantage. The triple interaction that reflects the REA in the +1' condition
of Experiment IA was only marginally significant.

Discussion

The results present an interesting paradox: the perception of dichotic
fusions was both categorical and noncategorical. It was categorical because the
discrimination functions showed peaks and troughs. At the same time, it was
noncategorical because performance was much better than predicted from the
identification data. It should be noted that, contrary to single-channel dis-
crimination, no peaks and troughs were predicted for dichotic discrimination
because of the absence of clear categories in the identification of dichotic
fusions due to the relative dominance of the constant stimulus (see Repp, 1976b: .

Figure 1). In a sense, all dichotic fusions with a given constant stimulus were
within a single, ill- defined Category; hence, the poor expected performance.

The discrepanci,tyetween predicted and obtained data is evidence that the
subjects did not base their discriminhtions on the labels assigned to the
dithotic fusions. What, then, formed the basis of their responses? One obviotis
possibility, suggested by,the general coincidence of the discrimination peaks
in the single-channel and dichotic conditions, is that the subjects had access
to the information from the separate channels prior to its fusion and integra-
tion. Under this hypothe0s, they were simply discriminating the variable
stimuli and ignored the constant stimuli which only had the effect of noise and,

)led to a generally lower level of performance. In order to test this hypothesist, )

two new discrimination tasks were devised that are relevant to the question of
channel accessibility. Because of the unclear results with respect to the REA,
it also seemed desirable to obtain further data on one-ear discrimination, so
that Experiments IIA and IIB contained three different discrimination tasks.

EXPERIMENTS IIA AND IIB

The three discrimination tasks are illustrated in Figure, 2. The first
task was one-ear discrimination, as4in Experiments IA and IB: The second task
was termed "reversal discriminatilon444 It consisted in telling apart two dichotic

4
The author, who had shown a reliable REA in the identification bask, exhibited
only a small and nonsignificant REA in Experiment IA (0 = +0.02) but a much
larger and significant effect in Experiment IB (0 4 +0.10; x2(1) = 12.8,

< .001).
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fusions made up of the same components, the only difference being the channel
(ear) assignment of &hese components. The third task was a combination of the
other two and was called "crossover diScrimination." It consisted in discrimin-

ating two dichotic fusions that differed in only one component, which, however,
"crossed over" to the opposite ear. In other words, crossover discrimination
was a "one-ear" discrimination with an additional channel reversal.

ONEEAR REVERSAL CROSS-OVER

L R L R L R

1+7 1+7 1+7
3+7 7+37 +1

Figure 2: Three discrimination tasks with fu6ed syllables. The numbers repre-
sent individual stimuli.

Both new tasks address the channel-accessibility hypothesis. On the cate-

gorical-perception assumption that it is the labels that are discriminated, per-
formance in reversal discrimination should be close to chance. In fact, in the

absence of any ear asydmetry, reversal discrimination should be impossible.
Performance should improve in proportion to the ear advantage (regardless of its
direction), but since ear advantages for dichotic fusions are generally small
(Repp, 1976b), the expected level of accuracy remained very low. On the other

hand,'the subjects should be much more successful if they had access,to the
separate channels, since each channel contains a discriminable difference.

A similar argument may be made for crossover discrimination. On categori-

cal-perception assumptions, crossover discrimination should betas easy (or as
difficult) as one-ear discrimination of the same stimuli, except for small dif-
ferences due to ear asymmetries. However, if the listeners had access to the
individual channels, performance should be considerably highly in crossover dis-
crimination. Not only are there discriminable differences in both channels (as
opposed to one channel in oneear discrimination), but these differences are
also typically easier to detect than those in the variable channel of one-ear
discrimination (cf. Figure 2).

Method

Subjects. There were nine subjects (one left-handed) in Experiment IIA and
ten subjects (two left-handed) in Experiment IIB; three of these subjects took

part in both experiments. 131
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Materials. The syllables were those of Table 1, with one'additional sylla-
ble from the lower (/bm/) end of the continuum; it was called stimulus 0 and had
transitions starting at 1155 Hz (F2) and 2018 Hz (F3). The recording procedures
of Experiments IIA and IIB were identical to those'of Experiments IA and IB, re-
spectively.

The experimental tapes contained first a series of 64 triads of single syl-
lables, which were presented monaurally in both experiments. The series con-
tained the four ABX configurations of each of 16 stimulus discriminations: the
four two-step discriminations, 1 vs. 3, 2 vs. 4, 3 vs. 5, and 4 vs. 6, and all
discriminations of stimuli 0 and 7, respectively, from-stimuli 1 through 6.
This series was followed by a completely randomized series of 176 dichOtic
triads,comprising 64 one -ear trials, 64 crossover trials, and 48 reversal trials.
The one-ear and crossover triads represented the four two-step discriminations
with either 0 (/bm/) or 7 (/gm/) as the constant stimulus, in all possible pp.
and channel configurations. The reversal triads consisted of th'e dichotic com-
binations of 0 and 7, respectively, with stimuli 1 through 6, in all AXB con- .

figurations.

Procedure. Each subject listened to the tape twice, with a pause in between
during which the earphone channels were reversed. Otherwise, the procedure was
identical to that in the previous experiments.

Results #

Single-channel discrimination. The overall accuracy of monaural discrimin-
ation was the same in the two expertients (Experiment IIA: 81.6 percent cor-
rect; Experiment IIB: 81.3 percent correct). A more detailed breakdown of the
results is shown in the left-hand portions of Tables 2 and 3. Obviously,
stimuli 1 and 2 were difficult to discriminate from 0, and 5 and 6 were diffi-
cult to discriminate from 7; these stimuli fell within the B and G categories,'
respectively. Table 2 shows that discrimination.from 0 bdcame relatively easier
and discrimination from 7 became relatively more difficult in Experiment IIB,
both within and between categories. The reason for this interaction is not
clear.

Reversal discrimination. The reversal discrimination results are shown in
Table 2. In the data of Experiment II, at least three stimulus combinations can
be discerned for which artifactual location shifts apparently provided a valid
cue (underlined in Table 2), although performance did not exceed 75 percent cot%
rect even in those pairs. However, there was surprisingly little change in
overall accuracy from.Experiment IIA to Experiment IIB; in fact, Orformance
improved for pix of the stimulus combinations. This suggests thatAthe naive
subjects .prOfAted relatively little from location shift cues. All .in all, per-
formance remained quite poor, Though perhaps somewhat better than expected.

p

5
This experiment was preceded by a pilot study of reversal discrimination,
which was beset with "location shift" artifacts. However, the inexperienced'
subjects apparently did not profit much from this additional cue and performed
poorly (59.1 percent correct), althodgh somewhat betteT than predicted from the
identification study in which these subjects had participated (53.8 percent

correct). The most interesting result of the.pilot study wet the complete in-
effectiveness of an additional independent variable: attenuation of one channel
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TABLE 2: Monaural and dichotic reversal discrimination
00
in Experiments IIA and

IIB (percentages of correct responses). (Note: The underlines indi-

cate probable artifa6ts due to "location shifts."),

Stimuli Monaural

vs. 0 vs. 7

Reversals

+0 +7

1 44.4 9L2 51.4 75.0

2 66.7 100.0 55.6 73.6,.

3 83.3 95.8 59.7 55.6

4 91.7 94.6 62.5 55.6

5 88.9 76.4 51.4 54.2

6 91.7 48.6 72.2 58.3

X 77.8 85.4 58.8 62.1

1 57.5 93.7 61.2 61.5

2 71.2 83.7 %IP 58.7 41.2

3 86.2 91.2 57.5 57.5

4 96.2 11.2 67.5 66.2

5 90.0 63.7 . 60.0 48.7

6 95.0 58.7 58.7 51.2

}? 82.7 80.4 6Q.6 54.6

TABLE 3: Monaural controls and dichotic one-ear and crossover discrimination in
Experiments IIA and IIB (percentages of correct responses).

Stimuli
H
H 1 vs. 3

'Ls 2 vs. 4
w
O 3 vs. 5
V 4 vs. 6

Sw I
ra

1 vs. 3
.1.J 2 vs. 4
w 3 vp. 5
r4 4 vs. 6

I.
°1 X

WV

Monaural

Onedear

+0 +7

Crossover

+0' +7

76.4 - 63.9 59.7, 68.7 .72.2

79.2 61.8 66.7 68.7 66.0

79.2 59.0 68,1 66.7 60.4

91.7 *65.3 58.3 73.6 59.7

81.6 62.5 63.2 69.4 '64.6

85.0 73.7 , 77.5 81.2 79.4

78.7 71.2 68.7 69.4 66.9

71.2 60.0 76.9 61.2 75.0

87.5 73.7 76.2 76.2 84.4

80.6 . 69.7 74.8 7p.0 76.4

by 10 dB (channel intensities at 85 and 75 dB). "Although the fused'syllables

were lateralized toward the'ear with the louder stimulus, the perceptuafdomi-
,hance of the louder syllable aidnot increase, and performance' even decreased

slightly. This is in agreement with the results of Cullen, Thompson, Hughes,
Berlin,, and Samson (1974) and. Speaks and Bissonette (1975), who varied relative
intensity in identification studies and obtained no effect in this range.

4

f 133



#

In Experiment IIB, performance in reversal discrimination.,correlated moder-
ately = +0.45) with the absolute 'size of the ear advantage in one-ear dis-
crimination, as predicted; however, the correlation did not reach significance.
The variation in accuracy between different stimulus combinations followed no
interpretable pattern.

One ear and crossover discrimination. -These results are shown in Table
In Experiment IIB, 1 vs. 3 and 4 vs. 6', which were discriminated best monaurally
also showed the highest scores in one-ear and crossover digcrimination, in
agreement with Experiments IA and IB. (In Experiment IIA, -there was no clear
pattern.) Performance improved significantly (2 t .01)from Experiment IIA to
Experiment IIB. This suggests that location shifts played no role in these
tasks in Experiment IIA, Which agiees which subjectiveevidence and the compari-
son of Experiments IA and IB.

Crossovet discrimination was slightly superior to one-ear discrimination
(2. < .02). The effect was more, pronounced in Experiment IIA,. but there was no
significant interaction with experiments.

The# assevidence of a REA-in ones -ear discrimination. Eight out of nin
subjects i Experiunt IIA and.seven out of ten subjects .in Experiment IIB
showed a REA; one REA in Experiment IIA and two REAs and two LEAs in Experime
IIB were significant at the individual level. The average REAs corresponded
0 coefficients (Kuhn, 1973) of +0.07 (e. <..05) in Experiment IIA and +0.05
(2. > .10) in Experiment IIB. In he-analysis of variance,"the overall REA was
Only marginally significant (2. < .10). However, there was a significant inter-
action with the nature of the constant stimulus (2. < .003). As in Experiment IA,
the REA was much larger when the constant' stimulus was /bm/ than when it was
/gm/. In fact, a small REA in Experiment IIA and a small LEA in Experiment IIB
averaged out to zero in the +7 con'dition, while the +0 condition, showed fairly
large REAs in both experiments (0 = +0.10 and +0.15,0/5Aspectpely; both
2. < .01).

In crossover discrimination, there was also a marginally significant over-
all ear asymmetry (2. < .06), which, however, occurred only in Experiment IIA:
Performance was higher when the acoustically more dissimilar stimuli were in
the right ear. For example, in 0+3 vs. 5+0, performance was higher when 0
and 5 we4e in the right ear.) This ear asymmetry in Experiment IIA corresponded
to a 0 coefficien't of +0.09 (e. < .01). -

Discussion

The results showed reversal discrimination to be better than expected.and
crossover discrimination to be easigi than one-ear discrimination. Howeyer,
these effects were rather small and do not justify, the conclusion. that the
listeners had access to the information in the separate channels prior to fusion.

* If onelear discrimination were to be explained by the channel-accessibility
hypothesis, reversal discrimination should have been considerably easier than
one-ear discrimination.' This was clearly not the case. The hypothesis also
contradicts the subjective Impression of perfect fusion and Repp's (1976b:
Experiment IV) demonstration that se1ees11th..-84,,ten'tion to otit ear is ineffective,
and.it must therefore be dismissed.
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The small effects found were perhaps due to variations in ear dominance
within.subjects. It is quite conceivable that ear dominance is a rather unstable
characteristic that exhibits fluctuations over time. Such variations a nd ,a

mean value would aid reversal and crossover discrimination, especially in indi-
viduals with no, strong ear asymmetries.

at

There was a-REA in one-ear discrimination, but only whpn the constant
stimulus was /bmi, as in Experiment IA. This puzzling finding, 'together with

the apparent unreliability of the REA and the tediousness of the task, does not
Lmake these discrimination tasks a promising alternative to dichotic identifica-
tion tests as instruments'for assessing ear advantages.

GENERAL.DISCUSSION

What is the nature of the stimulus representations that the subjects tried
to discriminate? They are not the phonetic labels of the dichotic fusions, be-

. .cause the obtained discrimination results did not conform to the predictions.

from the dichotic labeling functions (Experiments IA and IB). They are not the
phonetic labels of the variable stimuli alone (prior to ineegration and fusiOn
with the constant stimuli in the other channel), because aocessibility of indi-
vidual channels seems highly unlikely (Experiments IIA.and4IB). Nor can they
be "raw' auditory representations retained in some short-term store (Pisoni,
1971; Pisoni and Lazarus, 1974), since discrimination oflpt4-level auditory
codes would be expected to be more or' less con4nuous anciloould not lead -to the
pronounced peaks and troughs in the one-ears discrimination'functions (Experir
ments IA and IB). This leads to the conclusion that the codes that are discrim-
inated must be an intermediate stage between initial auditory analysis and' the

final phonetic label, and that they most likely represent the integrated infor-
mation from the two ears and not a single channel.

This intermediate stage can be more precisely specified within the frame-
work of certain models of speech perception that postulate a limited number of,
discrete analyzing mechanisms that intervene between the auditory input and the
phonetic label. These mechanisms may be termed "feature detectors" (Eimas and
Corbit, 1973; Cooper; 1974; Cooper and Nager, 1975) or "prototypes (Repp,,

1976b); the distinction, while'important in other contexts,6 need not concern us

here. Let us assume, then, that there are three "prototypes' corresponding to
the three categories (B, D, G), and that each prototype exhibits maximal "sensi-
tivity"-to the acoustic input most appropriate for the corresponding categoYies.
So, for example, a stimulus from the /bmrend of the place continuum will "acti-
vate" the B prototype most and the D and G prototypes only little; _the next
stimulus on the continuum, still heard as fbm/ but closer to /dm/ than the
first syllable, will activate the B prototype a little less and the D prototype
a little more, and so on. Such hypothetical activ'ation'values for the ptesent

* stimuli (Table 1) are illustrated in, Table 4 ("single-channel").7

6
Repp, B. H. ' Dichotic compecition of speech sounds: The role of acoustic stim-

ulus structure. Unpublished manuscript.

7"The degree of activation of a.prqtotype most likely beSrs a nonlinear relation-

' ship to the acoustic "distance" between stimulus and prototype. The exact func-

tion will depend on the "-response characteristic:" Of the prototype or on the
"distribution of excitation" around thesEimulusabout which little is known at

.the present time.
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TABLE 4: Fictitious multicategorical vectors and one-step discriminability in-
dices in single - channel and dichotic one-ear discrimination.

tSingle-channel +1 ' One-ear +7

(1d2)1/2 B D . G (1d2)1/2 B D G ( 1d2)1/.2Stithuli B D G

l 8 1 1

2 7 2 1

3 2 6 2

4 1 7 2

5 . 1 4 5

6 1 2 7

7 1 1 8

1.4
8 1 1

.

6.5 .

7.5 1.5 1

1.4 5 3.5 1.5
4.5 -4 1.54.2 2.1

2.8
4.5 2.5 3.

1.0
1.4 4.5s 145 4

0.7
4.5 1 4.5 t

4.5

4

1.5
1

1

1

1

1

1.5

3.5

4

2.5

1.5

1

4.5

4.5

5

6.5

7.5

8

.

. .

2.9

0.7

2.1
1.0

0.7

This representation of the stimulus information as a vector of prototype
activation values has been termed "multicategorical" by Repp (1976b). The final
category label is determined by a decision Process that selects from the multi-
categorical vector the protdtype,with'the highest activation level. We may
assume that there is noise in the system, so that the decision process is
probabilistic in'nature. For the sake of simplicity, the numbers in Table 4
have been chosen to be roughly proportibnal to the probabilities of identifiCal.
tion responses in the respective categories (Actordng to.the data in Repp, '

1976b). They add up to a fixed sum for each stimulus, implying that each
Stimulus leads to the same degree of total activation in the system.

' Let us now assume that a listener bases his discrimination responses not
on the phonetic labels but on the multicategorical vectors, even in single- ,

channel discrimination. An appropriate indek for the discriminability of two
vectors is the Euclidean distance between them (in a three-dimensional "proton
type space," in the present example), which is equal to the square root of the
sum of squared differences between corresponding elements. This discriminability
index -qd2)1/2, is displayed for one-step discriminations in Table 4 ("single-
channel"), as calculated frOm the hypothetical multICategorical.vectors. It is
evident that the index is maximal across category boundaries and minimal within
categories, just like the obtained (and predicted) single-channel discrimination
functions. Therefore, the assumption that listeners discriminate multicategori-
cal vectors rather than phonetic labels is plausible and can, at least in
principle, account for the categorical perception of'single syllables.

We are now only one step removed from the explanation of the dichotic dis-
crimination functions. In order to complete the argument, an assumption about
the nature of dichotic interaction is necessary. Repp (1976b) has already
argued from an analysis of the identfication-of dichotic fusions that dichotic
integration of information takes place at the level of multicategorical repre-
sentation and that the process is additive, that is, the multicategorical vector
of a dichotic pair is the sum of the multiqategorical vectors of the dichotic
stimuli. When applied to our present problem, this leads immediately to the
insight that the addition of A constant vector to each of two vectors does not
change their discriminability, because it does not change the differences be-
tween corresponding elements and, hence, leaves the discriminability Index un-
affected. Therefore, one-ear discrimination functions should have the same
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shape as single-channel discrimination functions, regardless of the nature of
the constant stimulus. This was in fact obtained, at least in good approxima-

tion. However, the additivity assumption would predict no change in discrimina-
bility at all, whereas the obtained one-ear discrimination performance was con-
siderably lower than single-channel performance. If we'remember the assumption

that the total amount of activation produced by a single syllable is constant
and the fact that dichotic fusions sound like single syllables, it is then
plausible that dichotic integration is not a simple summation but an averaging
process that keeps the total activation constant. If each of two vectors is

averaged with a constant vector, their relative discriminability will remain un-
changed, but their absolute discriminability will decrease because Averaging re-
duces all differences to half their'original size. This is illustrated in

Table 4 ("one-ear discrimination").

In order to.account for ear dominance effects, we finally stipulate that
dichotic integration consists in the weighted averaging of multicategorical

vectors (x,',1). The weights (a, b; a+1) = 1.0) represent the relative dominance

of each ear. Our model of dichotic integration as then: ax+bx = z.

This relatively simple model provides a good qualitative account of the

data.§ (A quantitative formulation is straightforward, and tests of a formal

model are now in progress.) Note the dissociation of labeling and discrimina-

tion responses that occurs in dichotic fusions. By adding a cpnstant stimulus

to stimuli from a place continuum, the labeling functions are strongly biased

toward the constant stimulus (cf. Table 4, assuming that the prototype active-
tion,values represent the, probabilities of the corresponding responses; see also

Repp, 1976b:Figure 1). On the other hand, discriminability remains indepen-
dent of the constant stimulus and simply drops in absolute level, leaving the

pattern unchanged. The fact that single-channel discrimination functions can
be predicted from single-channel labeling functions may be a coincidence. The

fact that even single-channel performance is usually somewhat better than pre-

dicteddected maybe cited as additional (weak) evidence that discrimination is'based
net on,the phonetic-Mels but on a lower-level representation.

8Those shifts in the discrimination peaks that were observed in Experiments IA
and IB (primarily for the author as a subject). probably do not reflect indiv-

idual tendencies to make some discriminations on the basis of phonetic labels,

since it seems difficult to account for any peaks from phonetic discrimination

alone,(cf. the predicted dichotic functions in Figure 1, top). A finding from

the earlier identification experiment is relevant here: 'the author showed a

much stronger tendency toward "psychoacoustic fusions" (hearing D when /bee/ -

/gm/ is presented) than most other subjects. Repp (1976b) argued for an ex-

planation of psychoacoustic fusions at the multicategorical level, but it may

be that Cutting (1976) is right in hypothesizing a lower-level (probabilistic)

auditory averaging process. Such auditory averaging,'if it occurs,, would pre-

cede the establishment 'of the (single) multicategorical code, and it would de-

stroy additivity and result in a shift of discrimination peaks. The finding

that primarily the author showed such shifts and that they occurred especially

in the region of /b/-/gm/ contrasts (cf. also Figure 1) supports this explana-

tion. Therefore, in order td account for the detailed response pattern, a two

stage model may be necessary. It seems, however, that auditory averaging

plays only wminor role for most subjects.
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The present model makes the distinction between phonetic (discrete) and
auditory (continuous) discrimination unnecessary, at least in the present con:-
text (Fujisaki and Kawashima, 1970; Pisoni, 1971; Pisoni and Lazarus, 1974)..4
The multicategorical vector is a code consisting of several, discrete elements,,,
that assume continuous values, and it is therefore bdth discrete and continuous,..
More sensitive discrimination tasks will leaeto better performance than less
sensitive ones (Pisoni and Lazarus, 1974) by changing the criterion for the

.k

detection of differences between vectors; it is no longer necessary to invoke
auditory memory to account for this finding. ost,likely, the multicategorical
vector is also the basis for confidence judgments and ratings of category good
ness (Barclay, 1972;Vinegrad,'1972; SUmmerfield, 1975;Cooper, Ebert, and ' ''

Cole, 1976). It is useful to consider the multicategorical vector as the
stimulus code on which the human listener operates according to the demands of,
the task. Deciding upon phonetic labels is only one of these possible40kS,
and other:tasks such as discrimination or rating are probably not more'hased
on labels than identification is based on implicit discriminations or /ratings.
The notion of an intermediate, "multicategorical" stage may contribute to t4e
understanding 'of various problems in speech perception that so far:have been
viewed in thelight of the.uhiquitous auditory-phonetic dichotomy (Studdert-
Kennedy, in press).
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Coperception: Two Further Preliminary Studies

Bruno H. Repp*

ABSTRACT

Two "same-different" reaction-time studies were coniucted to in-
vestigate the temporal limits of perceptual integration ("copercep-
tion") in speech perception, as measured by the influence of irrele-
vant context on the latencies of judgments about designated "target"
segments. The first study varied the duration'of the silent closure
period of a medial stop in synthetic vowel-consonant-vowel (VCV) syl-
lables: Surprisingly, the implosive and explosive transiticns of the
stop consonant (the target) were "coperceived," together with the
final vowel (the irrelevant context), over as much as 200 cosec of in-
tervening silence. The second study varied the duration of the vowel
in VC syllables and found no coperception of the vowel (target) with
the final consonant (context) at all. Both results may reflect the
degree of discriminability of. the particular target phonemes and con-
texts used, so that further studies will be necessary to determine
the generality of the present findings and to elucidate the role of
discriminability in coperception.

INTRODUCTION

In an earlier report (Repp, 1975), I, introduced the term "coperception" to
denote a certaip class of contextual effects in speech perception. Coperception
was defined, in analogy to coarticulation, as the influence of one (phonemic)
segment on the perception of another (phonemic) segment in an utterance. The
measure of perception was stipulated to be reaction time (of same-different
judgments, classification, or detection); that is, it was presupposed that the
speech signal is fully intelligible. This excludes phenomena such as masking
from the definition of'coperception.

The nation of coperception is a direct extension of Garner's (1974) concept
of stimulus integrality to the temporal domain. An extension to the spatial
domain in vision has recently been undertaken by Pomerantz and Garner (1973) and
Pomerantz and Schwaitzberg (1975) whose work provides a parallel to the present

*Also University of Connecticut Health ,Center, Farmington.
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approach. Garner's theory and methods have been applied extensively to the per-
ception of the simultaneously present dimensions of single stimuli (cf. Garner
and Felfoldy, 1970, and Garner, 1974, in vision: Wood, 1975a, 1975b, in speech
petception). The problem may be formulated in terms of selective attention
(e.g., Wood and Day, 1975)ef- a stimulus is called integral if its individual
dimensions or components cannot be attended to without taking its other dimen-
sions into account. A speech signal is a multidimensional auditory event that
extends over time, just as visual stimuli extend into space. In both cases,
there are obvious limits to stimulus integrality, or coperception. When two
visual stimuli are sufficiently separated in space, they will cease to be inte-
gral (Pomerantz and Schwaitzberg, 1975). Likewise, if two speech segments are
sufficiently'separated in time, they will no longer be coperceived. By varying
the spatial or temporal structure of,the stimulus events, the factors that lead
to coperception in the appropriate modalities may be explored. In vision, there
is g6Od reason to believe that our intuitions about. what forms a good Gestalt
will be relevant (Pomerantz and Schwaitzberg, 1975).. We may ask the analogous
question in speech perception, and in auditory perception in general: What por-
tions of the auditory signal represent a "Gestalt," and what are the properties
that define it?

Pisoni and Tash (1974) and Wood and Day (1975) have demonstrated that an
initial stop consonant and the following vowel are such an auditory Gestalt.
The relevant faCtor here may be the absence of any acoustic segmentation corre-
sponding to the two phonetic segments, especially when the initial stop conso-
nant is voiced and has no "burst," that is, when it is represented only by the
initial transitions of the vowel. In other words, the continuity of the signal
may be a crucial factor in coperception, as it is in the perception of temporal
order (Dorman, Cutting, and Raphael, 1975). However, consider a medial stop con-
sonant, as in /abi/. Here, the implosive transitions:of the initial vowel are
separated from the explosive transition into the final vowel by a silent closure
period. (In natural speech, low-intensity voicing may continue through the
closure.) Are the two portions of the auditory signal, which Separately are
heard as /ab/ and /bi/, still coperceived across the gap separating them? It

has been demonstrated (Repp, 1975) that they are, as is intuitively suggested by-
the fact that only a single consonant is heard.

The present-paper reports two further preliminary studies: They are con-
sidered preliminary because their results suggest additional factors that will
have to be taken into account in research on coperception. Therefore, these
studies will primarily serve to illustrate and discuss some methodological
issues. Their results cannot be considered conclusive.

The first experiment was concerned with the limits.of the coperception
effect in vowel-consonant-vowel (VCV) syllables: If the silent closure period
is extended in duration, when yill coperception of implosive and explbsive tran-
sitions (plus the final vowel) cease? The prediction was straightforward: at a,
certain separation, not one but two (geminate) consonants will be heard, for
example, /a1 -bi/ (Delattre, 1971; Dorman, Raphael, Liberman, and Repp, 1975),
and this closure duration was elZpected to mark the end of coperception.

The second study investigated coperception in vowel-consonant (VC) sylla-
bles. Pisoni and Tash (1974) and Wood and Day (1975) have shown that, in conso-
nant-vowel (CV) syllables, judgments about the vowel are influenced by.variations
in the initial consonant, although the vowel has a steady state that is entirely
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independent of the consonant. Apparently, the fact that the consonant (i.e.,

the formant transitions) precedes the vowel is important here. In VC syllables,

on the other hand, the steady state of the vowel precedes the final consonant.
Will the consonant still be coperceived, with the vowel? Clearly, if the vowel

is sufficiently long, a response to the vowel can be made before the final
transitions even enter the ear, so there must be a limit to coperception. In

order to investigate this limit, the duration of the vowel was varied systemati-
cally.

Both studies reported here used same-different paradigms, based on the

assumption that the results would be comparable to those obtained in a speeded-
classification paradigm, the more traditional technique for assessing stimulus
integrality (Garner, 1974). While there is little 'evidence to suggest the cdn-

trary, the two paradigms nevertheless differ in important respects, and it will

be necessary to compare the two techniques in future studies. -In the same-dif-
ferent task, two utterances are'presented in succession, and the listener is
asked to judge whether a certain well-defined segment is the same or different
in the two stimuli, while other irrelevant segments vary randomly. Coperception

is said to exist when "same" judgments are facilitated by identity of the con-
texts (relative to nonidentical contexts) and/or when "different" judgments are,

facilitated by nonidentity of the contexts (relative to identical contexts).

EXPERIMENT I

Method

Subjects. Eight paid volunteers participated. All were native speakers of

English, had normal hearing and little experience in reaction-time tasks.

Stimul4. Four VCV syllables--/abi/, /adi/, /abE/, and /adE/--were synthe-

sized on the Haskins Laboratories parallel resonance synthesizer. They con-

sisted of two acoustic segments, 200 and 300 msec long, respectively,' separated

by a'variable silent gap. The first segment included an initial steady state
followed by 45-msec implosive transitions that did not vary with the final
vowel (i.e., they were identical 'in /abi/ and /abc/ and in /adi/ and /adE/).
The second segment began with 45-msec explosive transitions (independent of the
initial vowel) and ended in a steady state. The durations of the silent closure

period were 50, 100, 150, and 200 msec,resulting in total stimulus durations, of

550, 600,-650, and 700 msee, respectively.

An experimental tape containing pairs of these stimuli was recorded using
the pulse code modulation system at Haskins Laboratories. The stimulus onset

asynchrony within a pair was 1 sec and constant (the interstimulus interval
varied with the duration of the closure period),and the interpair interval was
3 sec. The tape contained first a short practice series (eight pairs at each
closure duration), which was followed by four blocks of 80 pairs each. Each

block corresponded to a particulA closure duration And contained five subblocks
(not separated by pauses)? each containing the 16 possible combinations of the
four syllables in random order.

Procedure. The subjects were tested individUally in a single session last-

ing about 90 minutes. Each subject listened to the experimental tape twice.
The four blocks were presented once in ascending order (i.e., with closure dura-
tion increasing) and once in descending order, counterbalanced between subjects.
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The assignment,of the hands to the two response keys ("same-different") was also
counterbalanced between subjects. The subjects were instructed to respond as
quickly and as accurately as possible. Before the experiment, they were told
exactly what the stimuli represented, that they would tend to hear two identical
consonants at the longest closure duration(s), and that they should judge the
consonants only and ignore the variation in the final vowel. It was stressed
that they should respond as soon as they could reach a decision and not wait for
the end of the utterance.

The tape was played baCk from an Ampex AG-500 tape recorder through a mixer
to Telephonics TDH-39 earphones. The intensity was set at a comfortable level
(about 75 dB SPL). The syllables, which had been recordeon_peparate channels,
were presented binaurally after electronically mixing the two channels. The on-
set of the first syllable in a pair triggered a.Hewlett-Packard 522B electronic
counter that was stopped by the subject's depression of one of the two response
keys. The reaction time was recorded to the nearest millisecond,, together with
the kind of response given.

A
The stimulus onset asynchrony (1 sec) was subtracted from the reaction

ff

times, so that they were measured from the onset of the second syllable in a
pair. KThis is how the reaction times are given below. In order to obtain the,/
latencies with reference to the onset of the silent closure period in the second
syllable--as in Repp, .1975--another 200 msec should be subtracted.) Prior to
analysis, median reaction times were calculated for the five replications of the
same stimulus pair.in each block, omitting errors. Further analysis was in
terms of the means of these medians.

Results and Discussion

Assuming that thebasic effect of coperception is replicated at the short-
est closure-duration (50 msec), there are two patterns the results may follow.
If the subjects were able to rely increasingly on the implosive transitions alone
as closure duration was lengthened, the difference between reaction times as a
function of context should decrease to zero, and the absolute latencies should

,...ej

not be affected by closure duration. This was the expect outcome. On the
other hand., the null hypothesis is that at all closure int rvals the subjects.
would rely on the explosive transitions alone. In this case, not only should
the context effect remain constant, but the .latencies should increase as a
linear function of closure duration with a slope of unity. This is because
latencies are measured from the onset of the VCV syllable, and an increase in
closure duration means that the listener has to wait that puch longer before he
hears the explosive transitions and can reach a decision.

The outcome is shown in Figure 1. Surprisingly, it is in close agreement
with the null hypothesis. It can be seen that all reaction times increased with
slopes close to unity, especially at the longer closure durations; the flatter
slopes at the short durations probably reflect a floor effect. It is also evi-
dent that at all closure durations "same" reaction times were faster when the
final vowel was the same than when it was different; that is, coperception was
present and persisted up to the longest interval,. Only the "different" reaction
times show an interaction: at the shortest closure duration, they were faster
when the final vowels were different, as predicted; but there was no such dif-
ference at the longer durations. "Different" reaction times were considerably ,

slower than "same" reaction times, which is a common finding in tasks of this
sort. .
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Figure 1: Average median reaction times as a function of closure duration.
"Same" and "different" latencies are shown for identical and non-
identical vowel contexts.'

Figure 1 is actually not very representative of the individual data, which
showed substantial variation. In view of this variation, and of the negative

"4116.4.4,

result, no statistical analysis was deemed necessary. The data were considerably,

more variable than in the previous similar experiment (Repp, 1975). The only

effect consistently shown by all subjects was the linear increase in reaction
times with closure duration. Only four of the eight subject's actually showed a
positive coperception effect in their "same" reaction times (but then a very
large one, which accounts for the average positive effect). This-is in contrast

to the previous results (Repp, 1975) where all 12 subjects showed a positive
effect. The coperception effect. on "different" reaction times was similarly
variable, and there were also surprisingly large variationsithin the data of
individual subjects. Consequently, the only reliable findihg exhibited in
Figure 1 is the linear increase in reaction times. However, this result is suf-

ficient to suggest that all listeners made their judgments on the basis of the
explosive transitions alone.
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it is interesting to observe that the error pattern did.not closely corre-
late with the latencies. The average error rate was 6.3 percent, with individ-
ualsyarying between 1.8 and 12.0 percent. The errors decreased by about one-
third froth' the first to the second half of the session. The pattern is-shown
in Table 1.

TABLE 1: Average error percentages as a functionof
closure duration and type of stimulus pair.

Correct response

"Same"

Context

0

Closure duration

50 100 150-.200

3.4 3.1 1.9 5.3
0.3 10.0 9.1 7.8

X

3.4

9.3

"Different"
0

X

8.8
5.3

7.0

5.0

3.1

5.3

10.0

7.2

7.1

5.0

5.0

5.i

7.2
5.2

6.3

It can be seen that the error rates at closure durations of 100 and 200
msec were lower than at 50 and 150 msec; by no means did the errors follow the
linear increase observed for the reaction times. The fluctuation was due to
incorrect "same" responses (lower part of Table 1); the frequencies of incorrect
"different" responses were fairly constant. The effect of context is reflected
in the error frequencies: there were fewer incorrect "different" responses when
the context was the same than when it was different, and fewer incorrect "same"
responses when the context was different than when it was the same. The first
effect was present at all closure durations but reduced at 200 msec, while the
second effect was.kless pronounced but present at all closure durations except
200 msec. Thus, the error rates are suggestive of some change in processing at
the' longest closure duration.

It would be naive to take the results at face value and conclude That im-
plosive and explosive transitions are perceptually integrated over a total
period of almost 300 msec, even if this is still within the upper limits of the
acoustic store postulated by Massaro (19'72, 1974). It is also unlikely that all
eight subjects failed to obey the instructions, which were clear enough. One

possibility is that the prediction that coperception would cease as soon as
geminate consonants are heard was essentially correct but that the naive sub -
jects still heard only a single consonant at the longest closure duration. The

dUgure durations were selected by the author:who clearly heard geminate conso-
nants with the 200-msec closure period but not at the shorter durations. It is

a shortcoming of the experiment that "single versus geminate" judgments were not
elicited in a control condition.

Another deficiency of this study was that it did not test whether the sub -
jects actually were able to discriminate the implosive transitions in isolation.
Clearly, if they could not tell /ab/ and /ad/ apart, they would have had to rely
on the explosive transitions in the VCVs. However, four of the subjects partici-

pated in Experiment II, described below, which included VC syllables identical
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with the first portion of the VCV syllables of the present study. Three subjects

were able to discriminate them without much difficulty, and only one subject
failed. Since all subjects showed a linear increase in reaction time in the
present experiment, failures to discriminate the implosive transitions are not
a likely explanation for the results.

However, it is well-known to those working with synthetic speech that im-
plosive transitions are not easy to discriminate, especially in the absence of
the release burst that natural syllable-final stops often show. This low

"salience" of implosive transitions may be the reason that the explosive transi-
tions determine the perceived place of articulation when implosive and explosive
transitions in VCV syllables are artificially brought into conflict (Dorman,
Raphael, Liberman, and Rapp, 1975; Fujimura, 1975). It also may lie at the

heart of the present problem. Difficult discriminations are necessarily, associ-

ated with long decision times. Let us assume that the subjects heard the implo-
sive transitions at the longest closure duration; that is, they heard geminate
consonants.. It is then possible that they attempted to reach a decision as soon
as they heard the syllable-final stop, but that the decision process was not yet

completed by the time the syllable-initiarstop arrived. This may have inter-

rupted the ongoing decision process, or it may have initiated a separate desision
iproceis of its own, which overtook the earlier process. For example,, if the,

decisions for the syllable-final consonants lasted about 300 msec longer than the
decisions for the syllable - initial. consonants, on the average, the latter would

have been completed earlier than the former in latst cases. Although such a

large difference is rather unlikely, the hypothesis needs to be tested by asking
subjects to discriminate implosive transitions in isolation (Lse., in VC sylla-

,It.

bles).1

The tentative conclusion from the preceding paragraph is that the discrim.
inabilitylof the'target segments may play an important role and should be includ-

ed as a parameter in studies of coperception, whenever possible. WoOd and Day

(1975) have discussed the same problem in the context of the speeded- classifica-

tion paradigm. UnfOrtunately, in the case of syllable-final transitions, not

much can be done to improve discriu1nability. Perhaps the 4b/-/agi contrast

will prove easier to discriminate than the lab/-/ad/ contrast, because of the
larger acoustic difference in the transitions. In'addition, a future experiment

might employ VCV and VC syllables in the same design, which should direct the
subjects' attention to the syllable-final consonants. Practice in discriminat-

ing implosive transitions may also reduce the difficulty of the task. Finally,

the explosive transitions could be made less discriminable by making them acous-
tically more similar, in order to increase'the corresponding decision times and

. 1
In fact, this suggests an alternative explanation of the increase in reaction
times with closure period duration. It may be that the subjects did make deci-

sions on the basis of the implosive transitions with a certain probability that'

increased with closure duration (perhaps only at the longest closure duration).

The reaction times would then represent a mixture of two distributions--slow

latencies for implosive transitions and last latencies for explosive transi-

tions--and the increase with closure duration would represent an increase in

the proportion of slow latencies. However, it would be a rare coincidgnce if .

this kind of process had produced the linear functions shown in Figure 1, and

one should also have expected an increase in errors and a decrease in the coper-

ception effect as closure period was lengthened. Therefore; the explanation

seems rathet unlikely.
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to discourage the, subjects from relying too much on the syllable-initial conso-
nants (if subjectikre strategies are involved at all). These approaches will
have to be tried out in future' experiments.

EXPERIMENT II

Method

Sub ects. There were four subjects who had previously participated in
Experiment I.

Stimuli. The stimuli were the syllables /ab/, /ad!, /cb/, and /cd/, syn-
thesized on the Haskins Laboratories parallel resonance synthesizer. The final
transitions (45 msec) were preceded %1DT a steady-state vowel of variable duration.
The total syllable durations were 100, 150, 200, 250, and 300 msec.

The experimental tape first contained a brief practice list of single syl-
lables for identification. It was followed by five blocks of 160 pairs each.
The 160 pairs consisted of the 16 possible combinations of the Mir syllables,
with iwo possible durations of the first syllable (150 or 250 msec) and five
possible -durations of the second syllable, which were completely randomized.
The stimulus onset asynchrony was consta at 750 msec, and the interpair inter-
val was 3 sec. II

Procedure. T he procedure was similar to that in Experiment-I, except that
the subjects were instructed to judge as rapidly as possible whether the vowels
were the same or different, ignoring, vowel duration and the final consonant.
Reaction times were measured from the onset of the second syllable in a pair.
The analysis was performed on mean reaction times, omitting errors and excep-
tionally long latencies.

,Results and Discussion
!

e

Two hypotheses were tested in this experiment. One predicted that there
would be a coperception effect when'the second syllable in a pair was sufficient-
ly short, and that this effect would disappear as the duration of the second syl-
lable was increased. The second hypothesis predicted, on the assumption that
fairly literal representations of the speech sounds are compared in the brain,
that reaction times (perhaps "same" responses only) would be shorter when the
first and the second syllable had the same duration. The results aie shown in
Table 2.

Table 2 shows that the reaction times exhibited surprisingly little varial-
tion (which attests to the reliability of the data). Neither hypothesis was
supported. There was no indication of any coperception effect, nor' was there
any interaction with syllable duration. The only consistent difference was be-
tween "same" and "different" latencies, a trivial,finding. Although the results
were"based on only four subjects, it seemed useless to'run further subjects in
this task. *

The average error rate was 4.9 percent. The'pattern of errors with respect
to syllable duration is shown in Table 3.
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TABLE Mean reaction time as a function of syllable durations and type
of stimulus pair.

Syllable duration

First: 150 250

Second: 100 150 200 250 300 100 150 200 250 300

Response. .Context

"Same"

-

= 337 333 350 343. 353 335 352 363 345 327

340 335 338 334 356
4

358 335 317 323 333

"Different"
366 356 340 366 343 357 349 374 357 365

363 353 373 359 361. 354 350 358 351 387

TABLE 3: Average error percentages as a function of syl-
lable durations.

Duration of second syllable

100 150 200 250 300

Duration of 150 7.2 4.7 3.4 2.2 2.2 3.0

first syllable , 250 9.7 6.3 5.9 4.1 3.1 5.8

X 8.4 5.5 4.7 3.1 2.7
4

4.9

In contrast to the latencies, the error rates declined steadily.aff the durdr,

ation of the second syllable increased, but, surprisingly, they were higher with
the longer duration of the first syllable. At the shortest duration of the .

second syllable, the error pattern was in agreement with a'coperception effect
(not shown in Table,3), but there were too few observations to drawany conclu-
sions (and, moreover, coperception is defined in terms of reaction tithes, al-
though the error frequencies often show a positive correlation with the laten-

cies)10 No statistical analysis was conducted. N

Why did the reaction times show no effect? The reason may be that only the

vowel onset matters and the information that follows is irrelevant'. In other

words, final consonants may not be coperbeived with the ding vowel. Such a

conclusion would be highly interesting, but the present dat do not justify it

yet. Rather, it is likely that discriminability again played a role. The vowel.

discrimination was fairly easy, so that the decisions may have been completed be-$
fore the final consonant was processed. In addition, the final transitions were

not easy to, discriminate, so that they were processed more slowly and therefore

could.not affect the vowel decision anymore. In order to have any detectable
effectthe context must be highly discriminable. It is planned to repeat the

experiment with VCV syllables and more similar (initial) vowel targets. This

should. both increase the decision times for the vowel targetsand decrease,the
decision times for the following consonants (medial consonants are probably more
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discriminable than final stops), which should improve the sensitivity of the
experiment.

A recent study by Healy and Cutting (in press) illustrates the problem.of
target discriminability. They used a detection paradigm in which a .subject
hears a list of utterances and responds to only one.of them. They presented
isolated voweis'and.VC syllables and asked the subjects to detect-either a,
vowel or a VC syllab13. Their subsequent comparison of vowel and syllable de-
tection latencies sh64ed faster sylagale detection'latenciea fOr vowels that
were difficult to discriminate (in a control condition) but faster vowel detec-
tion latencies for vowels that were easy to discriminate. This proyides evi-
dence that the final consonant may be coperceived with the preceding vowel,
given, that the vowel is difficult to classify. Suggestive evidencecomes also
from a recent study by Strange, Jenkins, and Edman (1975), who found that 'the
intelligibility of isolated vowels increases when they are'fallowed by a stop
consonant, although, in this case, perceptual' integration may Have occurred at
a later stage. It is likely that a more sensitive experiment than the present

. one will show coperception in VCsyllables. .

CONCLUSIONS

While the results of the present experiments are not conclusive, they have

.41P
been helpful in pointing out a methodological issue, perhaps more so than
"positive" outcome. Nor are the results invalid; they merely represent a sample
from a whole continuum of stimulus discriminability. The discriminability of

,t both the target and the context will have to be a parameter in future studies of
coperception. It is likely that the limits of tempora/ integration in speech
perception depend on the ease of discrimination of successive portions of the
speech signal. If this is true, it means that there are no fixed "units" that
are processed successively but that a number of concurrent and overlapping pro-
cesses are,triggered by the acoustic stimulus. The size of these processing
'Units depends on the'clarity of'the information. fil'other words, the speech
processor "accumulates evidence" until it can reach a decision. HOweverwhile
this may accurately describe its'operation in reaction-time tasks, generalize-

" tions to the processing of natural Speech must be made with caution, because the
target of attention is usually not at the phonemic level. Coperception studies
reveal only the lower limits of perceptual integration, not its upper limiti,
which may be at least as important in "normal" speech perception.
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"Posner's Paradigm" and Categorical Perception:. A Negative Study

Bruno H. Repp*

ti ABSTRACT

A reaction-time study was conducted with four-synthetic sylla-
bles from a "place continuum" (/bae/-/dae/1-/dae/2-/gae/). A.special
.counterbalanced design was used to assess the effect of acoustic sim-
ilarity on reaction time. The study included a "same-different" and
a classification task, two different temporal delays between the syl-
lables, and binaural versus dichotic (i.e., alternating monaural)
presentation. However, no effects'of auditory similarity were found,
which contradicts a recent study by Eimas and Miller (1975) that used
similar stimuli.

INTRODUCTION

Posner and Mitchell (1967) introduced an experimental paradigm that has led
to some of the most elegant and successful research in visual information pro-
cessing (e.g., Posner, 1969; Posner, Boies, Eichelman, and Taylor, 1969). The

task consists in judging whether two letters are the same or different, with
reaction time as the dependent variable. The two letters can be either identi-
cal (AA) or different (AB); in addition, they can have the same name but be,
physically different (Aa).. The subjects are instructed to respond "same" when
the two letters have the same name, and "different" otherwise. The principal

finding is that "same" reaction times are faster for pairs that are physically
identical (AA) than for pairs that are physically different (Aa). This suggests

that physically identiqp1 letters can be matched at an earlier "node" in pro-
cessing, which uses pueely visual information, while name matches, in the absence
of physical identity take place at a later processing stage.. Posner and_Keele-
(1967) introduced temporal delays between the two stimuli, in order to Und out
whether the visual information that leads to the relative advantage for physical
matches is subject to decay. They found a steady" decline of the reaction-time
difference over the first 2 sec, suggeatinglhat the visual information is held
in -a relatively short-lived, store.-

--, Similar par.adigms have been profitably applied in speech percept/On (e.g.,
Springer,. 1973; date, Coltheart,.and Allard, 1974; Repp, 1976a). Perhaps the

*Also University of Connecticut Health Center, Farmingon.
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most interesting of these studies is that of Pisoni and Tash (1974). They
applied Posner's paradigm to the classical problem of categorical perception.O

It is well-known that initial stop consonants are easy to discriminate as long
as they are perceived as belonging to. different categories, but that acoustic
differences within these categories are almost impossible to detect (e.g.,
Pisoni, 1971). It has been suggested that this phenomenon may be due to the
rapid loss of auditory information from memory (Fujisaki and Kawashima, 1970;
Pisoni, 1971, 1973). Pisoni and Tash (1974) presented two synthetic syllables
in close succession, which could be either physically-identical (e.g., /bah-
/bah), different acoustically but belonging to the same category (/ba/1-/ba/2),
or belonging to different categories (/ba/-/pa/). The acoustic variable was,
voice onset time (VOT), the most important cue for the distinction between /ba/
and /pa/. The listeners were not aware of these acoustic variations and simply
made "same-different" judgments with respect to the categories of the syllables.
PisoniandTash found significantly shorter "same" reaction times for "physical
matches" than for mere "name matches," just as Posner did. In addition, they
found "different" reaction times to decrease with the acoustic difference be-
tween two syllables from different categories, which constitutes additional evi-
dence for the availability of auditory information. (The corresponding finding
in vision would be faster "differenelatencies for Ab pairs than for AB pairs,
a condition that has rarely been included and then has not yielded a positive
effect- -e.g., Besner and Coltheart, 1975). Pisoni and Tash suggested a two-
stage processing model that allows for fast auditory matches to be conducted
before slower phonetic (name) matches. Stimuli that are either identical or
very different from each other may permit lower-level auditory decisions, while
more ambiguous cases are decided at the phonetic level.

The Pisoni and Tash findings are especially interesting because, in con-
trast to otherjosner-type tasks, the subjects are not aware of the physical
differences within name categorieS; that is, no special "name match" instruc-
tions'are necessary, asin. the. letter-matching task. Again, the question arises
whether and how .fast the auditory information is lost from memory. This may be
investigated by varying the interval between the two syllables that are to be
compared..J. ognducted such a study two years ago at the Univertity of Chicago.'
Pairs'of syllables from a VOT continuum (ranging from /ba/ to /pa/, as in Pisoni
and Tash, 1974) were presented at stimulus onset asynchronies. (SOAs) between 0
and 3.3 sec. There etas a clear effect of acoustic differences On "different"
reaction times, which, moreover, did not decrease as the delay between the syl-
lables increased. However, in contrast to the findings of Pisoni -and Tash
(1974), there was no clear evidence of any effect on "same" reaction times,
which is the primary evidence for the availabilit3vof auditory information.

The effect on "different" reaction times couldave a different explanation.
It is well-known that it, takes longer to classify stimuli that lie close to a
category boundary than stimuli that are far from the boundary (Studdert-Kennedy,
Liberman, and Stevens, 1963; Pisoni and Tash, 1974; Eimas and. Miller; 1975;
Repp, 1975). Pairs of acoustically very discrepant stimuli necessarily contain
stimuli-from the,ends of the acoustic continuum, while pairs of acoustically -

1
Repp, B. H. (1974) Categorical perception, auditory memory, and dichotic in- -

terference. Unpublished manuscript. Copies of this paper are available from
the author upon,request.. Some of the results were presented at the 89th meet-
ing of the Acoustical Society of-America in Austin% Texas (Repp, 1975).
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more similar-syllables (from different categories) contain at least one stimulus

that is close to the category boundary. Therefore, the differences in categor-

ization time for individual stimuli are confounded with the degree of acoustic
discrepancy in between-category comparisons, and the effect on "different" reac-
tion times could simply arise from the successive categorization and phonetic

comparison of the two syllables. This explanation would also predict that the

effect does not decrease with increasing SOA (Repp, 1975). This methodological

objection does not apply to the "same" reaction times, since the individual
stimuli contained in within-category comparisons can be properly counterbalanced
(assn the experiment of Pisoni and Tash, 1974). One reason my study did ndt rep-
licate theirs might have been the presentation of the two syllables to different
ears, while Pisoni and Tash had presented them binaurally.

The present study asked the following questions.:

1. Is the Pisoni-Tash effect obtained With syllables from a "place

continuum," that is, with syllables whose acoustic differences

.
lie in the initial foment transitions (and which' are also per- .

ceived in a highly categorical fashion--see Pisoni, 1971)?

2. If so, does this effect decrease as the temporal separation be-
tween the syllables is increased?

2

3. Is there a difference in the magnitude of the effect when the

syllables are presented to different.ears rather than binaurally?

4. Does the Pisoni-Tash effect really reflect auditory comparisons
between the two syllables, or does it perhaps consist in an in-

fluence of the first syllable in a pair on the categorization

time of the second syllable? Entus and Bindra (1970) and
Eichelman (1970), among others, have provided evidence that

"same-different" reaction times and sequential effects in simple
choice-reaction time are related and may reflect the same under-

lying processes. This was investigated here by including a con-'

Aition in which the subjects had to classify the second syllable

in each pair, ignoring, the first syllable.
"Mr

The study used a design that avoids the methodological problem with "dif-

ferent" reaction,times discussed above. This design requires three categories

on a single acoustic continuum, which is the case with a place continuum

(/b/-/d/-/g/). Only four stimuli were used: /b/, /d/1, /d/2, and /g /. (The

vocalic context,./ae/, was constant.) /d/1 was acoustically closer to /b/ and

/d/2 was closer to /g/. The predictions were that "Same". reaction times should

be faster for /d/1-/d/1 and /d/2-/d/2 than for /d/1-/d/2 and /d/2-/d/l,and "dif-

ferent" reaction times should be faster for /b/-/d/2 and /g/-/d/1 (` and their re-

verse orders) than for /b / - /d /1 and /g/-/d/2 (and their reverse orders). It can

be seen that this design is completely balanced and. therefore leads to uncon-
s,

founded results for both "same" and "different" reaction .times.

METHOD 4

Soh ects

Eight paid volunteers (five women and three men) from the Haskins-YalE

summer subject pool participated. Two of the men were left-handed. All had

normal hearing and were relatively inexperienced. 155

156



Stimuli

Four synthetic syllables were produced on the Haskins Laboratories parallel
resonance synthesizer. Two stimuli were supposedly good instances of /bae/ and
/gae/, respectively, while the other two both sounded like /dae/ (cf. Repp,
1976b; the constant vowel will be omitted in referring to the stimuli). The
two /d/s, /d/1 and /d/2, differed only in the onset frequencies of the second
formant (F2), which were 1620 and 1772 Hz, respectively. Since the steady-state
vowel had its F2 at 1620 Hz, /d/1 had a flat F2, while /d/2 had a.falling tran-
sition. The third formant (F3) fell from 3026 to 2862 Hz in both /d/s. Like-
wise, /b/ and /g/ differed only in their .F2-transitions (starting at 1232 and
2156 Hz, respectively) and had identical F3-transitions (starting at 2180 Hz).
All syllables were of 280-msec duration, with 15 msec of prevoicing, no bursts,
and a constant fundamental frequency (114 Hz).

Of the sixteen possible ordered pairs of the four syllables, /b/-/g/ and
/g/-/b/ were omitted and /b/-/b/ and /g/-/g/ were duplicated' instead. This re-
sulted in an equal number of "same" and "different" pairs.' Four stimulus lists
were recorded. Each contained 80 syllable pairs, viz. 5 blocked replications of
the 16 pairs, randomized within blocks. In the first and fourth lists, the SOA
was 500 msec; in the second and third lists, the SOA was 2 sec. Each stimulus
pair was preceded by a 100-msec warning buzz that came on 500 msec before thd
first syllable. The two syllables in a pair were recorded on separate channels.
The interpair interval was.3 sec.

Procedure

Each subject participated in two 90-minute sessions on different days. The
sequence of the two tasks was counterbalanced across subjects. In one session,
the subject was instructed to judge whether the two syllables in a pair were the
same or different by pressing the response key with the appropriate label (same
different task). In the other session, the instructions were to ignore the
first syllable and to classify the second syllable as either "D" or "non-D,"
that is, "B or G" (classification task),. The subjects were told that there were
three syllables, /bae/, /dae/, and /gae/. In the classification task, they were
informed that /b/ and /g/ never occurred together in a pair but that, apart from
this, the first syllable provided no clue about the second syllable. The sub-
jects were encouraged to be as fast and as accurate as possible. A practice
series of 32 pairs at SOA= 500 was presented at the beginning of'each session.

In each session, a subject listened to the experimental tape twice, once
-binaurally and 'Once dichotically (i.e., with the warning tone and the first syl-
lable in one ear and the second syllable in the other.ear; "dichotic" is used
here in the wider sense of "different--but not necessarily simultaneous--inputs
to the two ears"). The sequence of the two presentation modes was counterbal-
anced across subjects, but it was the same In both sessions or a given subject..
Which ear received the first syllable in the dichotic condition was also coun-
terbalanced across, subjects.,' but fixed,foi each individual subject.

The tape was played back from an Ampex AG-500 tape recorder through an
amplifier/attenuator to Telephonics TDH-39 earphones. Playback intensity was
approximately 88 dB SPL (peak deflections on a voltmeter). Dichotic and bi-
naural presentation modes were established by means of,electronic switches.
Reaction times were recorded on a Hewlett-Packard 522B electronic counter, Which
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was started by the onset of the warning tone and stopped by depressing either
response key. Appropriate constants were subsequently sibtracted from all
latencies, so that they were measured with reference to the onset of the second
syllable in a pair. The subject used both hands for responding, one for each
key. Hand-response assignment was again counterbalanced across subjects.

At the end of the second session, each subject was questioned whether he
or she had noticed anything about the stimuli that had not been mentione'in
the instructions, and subsequently, given that there were two different versions,
of one syllable, which of the three syllables this might have been. Of the
eight subjects, three Showed no awareness whatsoever .(they also had the lowest
error rates), three stated that /d/ and /g/ were more difficurt.to discriminate
than /d/ and /b/) and the remaining.two claimed hearing /blae/ on occasion
(t ese two had the highest error rates). No subject guessed correctly that two
/ s were involved; all guesses were either two /b/s" or "two /g/s."
NN

. . .

The first step in the data analysis was to calculate the median's of the
reaction times for the five replications of each stimulus pair in each list,
omitting errors. Further analysis was in terms of the means of these medians.

RESULTS

Errors

Since latencies cannot be fully understood without taking the error pattern
into consideration, the errors shall be presented first. There was great indiv-
idual variation: average error rates ranged from 2.0 to 17.7,' percent. As
pointed out above, they were positively related to the degree of awareness the
subject had of the presence of four stimuli. However, no subject made consis-
tent misclassifications or misjudgments of certain stimuli; severalchahged
their- error trends during the course of a session.

The overall error rates in the two tasks were similar (same-different:
9.3 percent; classification: 9.2 percent). There was a tendency to commit more
errors at the shorter SOA (10.2 percent) than at the longer one (8.3 percent).-
The most striking difference was between the dichotic and binaural.conditiOns,
with almost twice as many errors in the former (11.8 percent) than in the latter
(6.7 percent). As might be expected, this difference was more pronounced in the
same-differnt task, but it was also present in the classification task:

In the classification task, /d/ stimuli were misclassified more often than
/b/ and /g/ stimuli (14..2 vs. 4..2 percent). Most of the errors on /b/ and /g/
were probably due to inattention and/or hand-response confusions that were not
separhely identified in this study (i.e., subjects were not asked.to "correct"
their own errors). /dil was misclassified more often than /d/2 (18.8 vs.
9.6 percent). Misclassifications of /d/ as /b/ or as /g/ were not distinguish-
able in this task, but it seems likely that /d/1 was mostly confused with /b /,
and /d /2 with /g/. The nature of the preceding stimulus seemed not to make any
difference.

In the same-different task, two- interactions similar to those predicted for
the latencies were,expected, since eirors'and latencies tend to be positively
correlated in same - different tasks. Incorrect "same" judgments shOuld,have been

,,, more frequent in /d/1-/b/ and /d/2-/g/ (and reverse). pairs than in /d/1-/g/ and
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/d /2 - /b/ (and reverse) pairs, and incorrect "different" judgments should have
been more frequent.in id /1 - /d /2 (and reversOpairs than in /d/1-/d/1 and
/d/2-/d/2 pairs. Both trends were present but not very pronounced (13.3 vs.
9.9 percent, and 9.5 vs. 8.1 percent, respectively). Most surprising was the
fact that /b/-/g/ (and reverse) pairs did not show a substantially lower error
rate than other pairs (9.2 percent). Clearly, then, the same-different judgment
errors could not be predicted from the classification...errors, which were more
than three times higher for /d/ stimuli-than for /brand /g/ stimuli. This in-
dicated either that the two stimuli in a pair were matched before complete
classification, or that the classification of the second syllable was not inde-
pendent of the preceding syllable. No such dependence was evident in the
classification errors, however.

Latencies

It x4as anticipated that the latencies of subjects with high and low error
rates might have to be considered separately, because of the positive correlation
between errors and latencies that is usually found. However, this proved to be
unnecessary, since the results were completely negative; over41,and for each
individual subject. While some effects may not have reached significance because
of the small number of subjects, the differences of principal interest were
clearly-not obtained.

Consider first the same-different task. The, results for "same" judgments
are shown'in the first three coluMns of Table 1. In three of the, four condi-
tions, the predicted interaction (the. difference between the second and third
columns) was in the expected direction (positive) but small; in the fourth con-
dition, binaural at SOA =2000, it was in the opposite direction. No difference
seethed significance, an no individual subject showed a clear pattern. The
more consistent trend toward longer reaction times at SOA= 2000 than at SOA= 500
also fell short of significance.

TABLE 1: Reaction times in the same-different task.' (Note: the plus
sign indicates that the reverse order of the stimuli is
included.)

Mode

Dichotic

Binaural

.

SOA

500
2000

500

2000

/b/+/b/
/g/+/g/

523
560

526

55Q

"Same"

/d /1 + /d /1

,/d/2+/d/2

536

565.

521.

569

.

/di1 t-id/2

55.2

581

-542

546

-"Different"

/b/-1-/d/1 /b/+/d/2
/g/+/d/2 /g / + /d /1

547 547

582 -589

562 564

586 581

. .

P

The last two columns of Table 1 show.the "different" latencies. Here, it
was predicted that the latencies in column 4 would be'shorter than those in
column 5. Clearly, there was. no difference at all. The only consistent tendency
seems to'be again longer latencies at the longer SOA, but it did not reach sig-
nificance. It will also be noted that "same" latencies were somewhat faster than
"different" latencies, a difference that is commonly found and was not tested for
significance.

.
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There were two effects that-didreach signifitance: the Mode x Order and

Made x "B vs. 'WI interactions (R. < .01 and < .05, respectively). They are

-shown in Table 2.,

TABLE 2: Two dnteractions in the same-different task. (Note:. the dash indi-

cates a specific order of the two stimuli in a pair. /d/ implies both

/d/1 and /d/2.) °

,

Mode /b/-/d/ /g/-/d/ /d/7/b/ /d / /g/

Dichotic 564 553 584 566

Binaural 567 596 554 574

It can be seen that, in the dichotic condition, pairs in which /d/ occurred
first tended to have longer "different" latencies than pairs in which /d/
occurred second, and pairs containing /b'/ tended to haye longer.latencies than

pairs containing /g/. The opposite was true ilIthe binaural condition., These
effects.are difficult to interpret.

.

We turn now to the classification condition. The results for those sylla-

bles that were preceded by a syllable from the same category are shown in the
first three columns of Table 3.

o

TABLE 3: Reaction time in the classification task...''

/b / /b/ /d4=/d/1 /d/1-/d/2
.'Mode SOA 7g/-/e -/d/2-/d/2 /d/2-/d/1

500 543 547,... 518
Dichotic

2000 600 57g . 594
,

. . .

Binaural
500 533 544 534

2000 - 562 532 537 ,.1.

. . .

/13/-/d/1 /13/-/d12

Mode SOA /0-/d/2./g/-//1 /d/2-/g/

500, 50 552 505
DiChotic

619 608 #, 595 '

500 -564 , 563 527- 535 :
Binaural

2000- 578 587 530

ti/110%

/d/l /g /,.

504

'5/0.

,540,

I I'

Again., there is mo'clear evidence for the eXpected-effec't (fagier latencies

in column 2 than in column 3). 'In the-dichotic mode, theke was anotable ten-

dency to be slower'at SOA = 2000 (not significant),,..ybich indicaies,thaetfiepre-
ceding syllable was not completely ignored. The results for syllables preceded

by.a syllable from a different category are sbdwei in'the.remaining -columns:of

Table 3, Again, there is no obviOus difference between columns 4, and 5and
'159"
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columns 6 and 7. However, /b/ and /g/ classification was faster than /d/ classi-
fication, and the latencids'Were again longer1at SOA= 2000. No effect reached
significance. A facilitating effect of a preceding stimulus from the same cate-
gory may be noted, but only for 4d/ classification.

DISCUSSION

This experiment provided no evidence for the availability of auditory in-
formation in the comparison of syllables from a "place continuum." Although
only eight subjects were tested, their results make it quite unlikely that any
significant effects would emerge in a larger sample, except for the trivial
findings that latencies increase with SOA and that "same" latencies are faster
than "different" latencies. Note that, although the data for "same" latencies
in Table 1 may be suggestive of a small effect, ,po individual subject showed a .

clear pattern of results, despite reasonably stable data (10 replications of
each stimulus pair).

Of course, it is entirely possible that the results of Pisoni and Tash
(1974) pertain only to differences in VOT, a temporal variable, while differ-
ences in formant transitions are not-retained in auditory memory. However, a
study conducted independently at about the same time as the present experiment
by Eimas and Miller (1975) did find a positive effect.

Their study is the more remarkable because it used stimuli from the identi-
cal place continuum, originally prepared at Haskins Laboratories by David Pisoni
(see Pisoni, 1971). (The present /b/, /d/1, and /d/2 were their stimuli 1, 6,
and 8, respectively--see their Table 1. 'Their continuum did not include /g/
stimuli.) They used a design similar to that of Pisoni and Tash (1974), coun-
terbalanced for "same" pairs but not for "different" pairs. Miller and Eimas
were aware of the alternative explanation for effecti on "different" reaction
times and emiihasized the comparison of "same" reaction times for Identical and
nonidentical pairs. There were three SOAs (310, 460, and 1000 ms.5p.c) that were
randomized. At the intermediate.S0A, which approximates the shorter SOA in
present study, they found a 44-msec difference in "same" reaction times and,a
73-msec difference in "different" reaction times, both in .the predicted ditc17
tion. Moreover, the effect on "same" reaction times, but not that on "difirfent"
reaction times, decreased as SOA increased. This provides convincing evidence
for the involvement of some auditory memory at short SOAs and for its decay over
time. It also suggests that the effect on "different' reaction times probably,
does not reflect auditory memory but differences in categorization time for the
component stimuli.

Eimas and.Miller's study is elegant and well-designed, and their results
must be taken seriously. It will require further research to clarify why the
present study did'not obtain the same effects, in the absence of any obvious
flaws' in design. Of course, if the effect of "different" reaction times is due
to differences in categorization time alone, no effect should have been obtained"
in the pfesent balanced design because such differences cancel out. Seen in this
way, this portion of the present results even supports Eimas and Miller. How-
ever, the reason for the present failure to obtain an effect of acoustic differ-,
ences, on "same" reaction times remains obscure.
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Weak Syllables in a Primitive Reading-Machine Algorithm

George Sholes

ABSTRACT

Weak syllables are syllable types in the pronouncing dictionary
of the reading machine. Wenkened'syllables, in the output string of
the machine, come either from weak dictionary syllables or from full
dictionary syllables that have been subjected to gradation. In

either case, weakened syllables are further subject to certain
mergers and may exhibit special segmental allophones. Weakened syl-
lables of all kinds may also condition shortening of the full sylla-
bles they immediately follow. This compression seems to come from a
kind of inclusion of 'the weak syllable by the full syllable. It does
not occur acrosd phonological word boundaries and by this fact helps
to identify phonological word boundaries in the output.

Weak syllables, in this version of mechanical American English, Are a
special syllable-type which, among other things, typically comes to carry the
lowest level of stress and so ends up at the bottom of the prominence heap.
But weak and weakened syllables are also terms involved in a number of key oper-
ations, among which are gradation, certain neutralizations, and the selection of
speciarsegmental allophones. Finally, weak syllables condition alloticeable
compression of full syllables they immediately follow. The absence of such com-
pression, when a phonological word boundary intervenes, is a strong cue for the
presence of theword boundary.1

InSection I of thin paper syllable-types in the Machine will be outlined'
and the operations of gradation, neutralization, and allophone selection will be
identified. In Section II theshortening effect of weak syllables on full syl-
lables will be explored. Between the vwo sections a brief interlude will
characteri;e the machine itself including the pronouncing dictionary and,phono-
logical string, oF which weak and weakened syllable-types are parts.

1The phonological string of the machine is a hierarchical structure of segmen-
tals, syllables; phonological vOrds; and phonological phrases (cf. Pike, 1945,
1967). What are called phonological words here are'called total contours in
Pike (1945) and stress groups in Pike (1967). What are called phonological
'phrases here are called rhythm units in Pike (1945) and pause groups in Pike

(1967). What are called weakened syllables here are among those tentatively
called ballistic syllable-typeain Pike (1967:368-369).
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SECTION I

Syllable Types

In the pronouncing dictionary of the machine, phonetic entries are made up
of combinations of three types of syllables. Weak, as a syllable-type in the .

dictionary, is illustrated by the last syllable of the followi4-print-words:
"soda,. city, window, Hindu, beater, beetle, bottom,"cotton; rotting." The
other two types of syllable in the dictionary are stressable and plain. Stress-
able syllables are illustrated by the first syllable of the print-words in the
list just give. Plain syllables are those which never take'steess (much less
pitch-accent), on the one hand, and, on the other, are 4ot subject to mergers
(neutralization); nor do they condition full syllable shortening. Illustrations
of plain syllables are the first syllables of "ideal" and of "psychology" and
the last syllables of the verb "veto" (but not the noun) and of "telephone." In

sum, plain syllables--"ideal, telephone"--will never be stressed in any text
occurrence; neither will they be degraded, that is, replaced by schwa or a weak
syllabic sonorant.

It is to be noted that each print-word pronunciation in the dictionary con-
tains at least one stressable syllable and that some pronunciations contain two
or more stressable syllables. Examples of multistressable print words are
"sardine(s)" and"pAstel(s)" (both syllables) and "intonation" and "California"
(first and third syllables). In citation pronunciation, because it means end-
of-phrase, the last stressable syllable in a multistressable word would normally
be stressed (and get the pitch accent): "(can of) sardines," "(box of) pastels,"
"intonation," "California." Within a phrase, an earlier stressable syllable may
be stressed: "sardine.sandwich," "pastel picture," "intonation contour,"
"California sun;Rne." The numbertof weak or plain syllables in_a dictionary
pronunciation has no upper or lower limits.

The distinction between stressable and stressed is thus one between diction-
ary pronunciation -- stressable- -and phonological string pronunciatiop--stressed.
In the dictionary, stress is a potential of certain syllables; the stressable,a
Potential which may or may not be realiiedvin some occurrence in a phonological
string. A similar distinction applies to weak syllables in the dictionary and
actually weakened syllables in the phonological string. By contrast, plain syl-
lables in the dictionary carry over only into plain syllables in the phonologi-
cal stress string. Figure 1 shows the possibilities.

- Gradation

The dashed lide from stressable to weakened, which breaks a certain sym-
metry in Figure 1, represents the working*of the operation called gradation.

2
The three syllable-typeS in the dictionary correspond to the three stress
levels posited by Newman.(1946), pone moves Newman's sonorous weak in pre-
heavy position to reading-machine plain. Component features that would define
the four types in the phonological stringcourd correspond with the first
three suprasegmental features of Vanderslice and Ladefoged (1272).: plu,ror
Minus heavy, accent, intonation. Correspondences can be made with other three-
and four-way'systems.

164

164:

O



SYLLABLE -TYPES
DICTIONARY > PHONOLOGICAL STRING

STRESS AB LE

PLAIN

WEAK

STRESSED

PLAIN

\ WEAKENED

ACCENTED

STRESSED

Gradable syllables in the dictionary rilay be realized as stressed, plain, or

weakened in the phonological string. By contrast, most stressable syllables
may be realized only as stressed or plain. Gradation applies to a small number
of monosyllabic 'structural words, such as "of," "at," "do." Only some four
dozen dictionary.;words are subject to gradation, but they are ill very frequent
text words. When a gradable syllable does,appear in weakened form, it behaves
like weakened syllables which come. in theiusual way from dictionary weak sylla-9
bles: a syllable weakened by gradation is just like any other weakened
ble.3 F

For,ease of exposition, 4.t is useful to have a cover term for nonweak or
nonweakened syllables. 'Full syllable will be the label that includes stressable
and plain, or stressed and plain. syllables.

,Allophone Selection

When print words are strung together, consonant segmentals may come:together
at print-word boundaries.:Theoe consonant clusters may be smoothed out by re-
duction (dropping) or by altering component features when the syllable-type
sequence aver the,prinp-word boundary is full-plus-weak. For example, the
print word,"miss" is stored in the dictionary with the citation pronunciation
['ints] and the (gradable) prineword "you" with ['yuw]. Yet the print-word 406
quence "miss you,":particularly in a larger context, such as "I'mgoing to miss

P
'0

0. 00

(19501'104-114) and Gimson

0,

)

(1964:2'39-243).

0

3
See,' for instance, Kenyon

1 6 :5
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you a rot," will give the phonological string fragment UmIST..0.4 This assembled
fragment is quite similar to the string representation of the single print word,
"issue" ['ISW] in the same context: "I'm going to issue a lot." It will be
seen that the print-word boundary in the vicinity of the (de)graded and weakened
syllables of structural words may belleavilywamouflaged.

A number. of single consonants have special illophones in the position be-
tween full and weak syllabics ("intervocalic.position"), fdr example,[t, d] are
flapped and [g] appears as a fricative. The special allophone is selected re-
gardless of where the print-word (lexical) boundary falls. For instance, the
fragment [mqYdi] can represent the first two words of "made.in France," with
print-word bOundary on the right-hand side of the [d], or it can represent the
entire word "maiden" with no print-word boundary at all abutting the [d]. Sim-

ilarly, the fragment [biYkn] could represent all the print-word sequences,
"beacon," "bee can," "beak and," embedded in some larger context. (This is not
to say that the print-word"sequences cannot be distinguished, but rather that
they may not be.)

Neutralization

Syllables may also be weakened--carried into the phonological string as
weakeped syllables--by neutralization or merger of syllable-center tambers. For

example, the syllable centers of the dictionary weak syllables of "windows" and
"Hindus" merge into a single tamber when those weak syllabioe turn up in various
nonfinal contexts, such as:\

All the windows are here.,. 'olaelwindwzr'hIr/./
0

All the Hindus are here. 'olaa'hindwzr'hir//
0 0

Whereas in various final2contexts, the syllabiCs of these print words are quite
distinct (and in the example below the dictionary weak syllables have been
assembled as plain syllable): '

' Here are all the windows: 'hirT'olba'winidowz//

Herd are all' the HindUs. ihirriolba'hIn,duwz//
0 0

In natural speech, the merged syllable [70 would have a tamber range overlapping
part of full syllable [u, uw] and perhaps [ow].1 In sum, the allophone range of
certain weakened syllabics differs from the corresponding full vowel xabge.

Similar contexts cue the merger of dictionary vowels [A] andld. For ex-
ample, the print words,"him" and "them" are indistinct in:

.

I can see him now,'

I can see 'em now.

4
A small circle below a let
center:, [a y r.1 m n

O

ened-eyllagle center; Cott
[a ay aw ar al am an all].

5
See, for instance; Kingdon (1969:10) and Bolinger (1963:22).

,aYkn'siYm'naw/f
0 0

er has.been used to indicate a weakened-syllable
Alternatively (and equivalently), the same weak -

be written schwa or schwa plus sonorant consonant:
4
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and are distinct in:

Now I can see him.' tnaw,aYkn'siY,im//

Now I can see 'em. 'naw,aYkn'siYom/P

In thA end, the list of weakened syllabics (vowels) in nonfinal position in
the assembled phonologicalsring is'ayytlipui. For this and other rea-

sons it has from time to tim been proposed that weak-syllable centers are best
taken as forming a swarate system apart from the larger, main system of full-
syllable vowels (e.g., Hul en, 1961; Bolinger, 1963), or that they are position-
al variants of the sonorant consonants (e.g., Householder, 1957). In the read-

ing machine, however, it proves useful to have just one set of syllabics (vaw-
els) and to have the syllable as a whole marked for its type.6

6 The notation convention for marking syllable types is that full syllables
are marked where they begin, while phonological words and phrases are marked
where they.end. Weak and weakened syllables are not considered to have bound-
aries of their own at all. By this means all distinctions of the kind "gray

- day" versus "grade A" and "a nice ..." versus "an ice ..." are automatically
assembled. ,(See Jones, 1931, 1956; Lehiste, 1960; Hoard, 1966; Lee, 1970.)

However, this style of marking also requires that the syllable centers. of.
-"hot" and "heart" be written with different symbols. This is because the-full

vowel of "hot" may, in the assembled string, be followed by [r] and then a
weakened syllable. It must still remain distinct from the full vowel of "heart"
plus [r] plus weakened syllable. A test pair would be:

bas relief vs. bar a leaf

which can be held separate when pronounced with phonological word boundary at
the points shown. When the boundary is omitted (with, concomitant full-syllable
compression to the left; see Section II below), the phrases are still distinct:

bas-relief # bar'a leaf

tbare'li51// # tbaratli5T//

Similarly, with phonological word boundary omitted:

Ma renewed # mar a nude

'marb'nwd// 'mara'nuwd//
0

and also:

paw repair # pour a pair

ipora,per// 'pore,per //
0 0

It is nonetheless poisible to write the syllable center of '.'bird" either

as a unit--[2,,]--or as asequence of wedge plus [r]--[Ar]--with lid contrastive

difference. Full-syllable wedge will never otherwise be followed by.[r] in
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MACHINE INTERLUDE

With this much of a sketch of weak syllables and weak syllable operations,
the reading machine itself can be characterized in general terms. It is an
algorithm and a machine in the sense that it is a series of computer programs.

reads in the sense that it, together with the hardware attached to it, con-
verts strings of print representations into an acoustic signal that is a simula-
tion of speech. Finally, it is primitive in that a human editor is asked to
intervene at one point to aid information that is not available automatically .7

Schematically, the machine moves from print text to synthetic speech in two
,large steps, as shown in Figure 2. First, the print text is turned into a phono-
logical string; then 'the phonological string is converted into parameter frames
that drive an/electronic synthesizer; the output of which is an audio signal
that can be heard as speech..

The first step converts the print text into a phonological string. This
involves chunking the print text up into print words, then replacing the print
words by their dictionary pronunciations, and then reassembling the text. At
the end of this first step, the text appears in a phonetic notation where orig-
in'ally it stood in ordinary English spelling.

Reassembling the text after the dictionary hok-mp is a procedure of some
complication. The vowel mergers and consonantal simplifications suggested in
Section I above are an important part of reassembly. The dictionary look-up, by
contrast, is quite Simple. The dictionary is presented with an orthography,
such as "cat,"*whereupon it returns ['kmt] plus the tag for open-class words.
In this way the dictionary provides the segmental phonemes and the basic syllable
structure of the phonological string. The rest is up to the editor. He marks
for phonological words and phrases; and, since these carry the intonation, the
intonation. The editor is thus standing in for what appears, to be a syntactic,
semantic analysis of the print text. He is also carrying out certain independent
phonological decisions. -

?:
this kind of ican English. Schwa plus [r] may occur in weakened syllable
at print-word boundary joints. When this happens, schwa plus [r] will not con-
trast with syllabic [r] in a weakened syllable. A test pair, with phonological
word boundary included, would be:

rows are applied vs. Rosa replied

When the boundary is omitted, the'two phrases fall together and are indistinct:

trowzratplaYd// trowzaretplai'd//

and in other such instances,.sequences of weakened schwa plus sonorant are
taken as equivalent to the.syllabic sonorant alone.

7
This characterization of the machine is not only general, it is idealized. In

particular, the introduction of the editor can be taken as an expository device.'
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editor
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dictionary

syllables
phonological-words + segmentals
intonation . tag

_> PHONOLOGICAL-STUNG

synthesizer

SPEECH

SECTION II

This section outlines an operation called compression, full-syllable com-
pression, and it is an adjustment of durations. The units to be adjusted are
full syllables, both stressed and'unstressed, and the essential context for the
adjustment is provided by weak syllables and phonological-word boundaries.8

Other things being equal, the most powerful of the interdepending cues for
prominence is generally taken to be literal length: duration in time (Fry,
1970). Compression has the curious effect of thakIng a full syllable salient by
shortening its duration. The most complete description of this effect has been
given by Bolinger (1963, 1965).

Consider a phrase consisting entirely of full syllables, that is, devoid of
weakened syllables:

' YOU MAKE ' BI LL .LOOK ' GOOD 'll

It is generally possible to insert a Weakened syllable into such a phrase with
absolutely no increase in overall phrase duration. In fact, the new phrase is
just as long as the original. The definite article "the" will do for insertion.
It gives:

P.

$ ...

8
What are called phonological-word boundaries here are called intonation breaks
in Pike (1945). See also the discussion of Solutions A, B, and C in Pike'
(1967:405 -409).
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'YOU ;MAKE THE 'BILL 'LOOK //

The indefinite article and certain possessives, all as weakened syllables, do
'Ithe same:

'YOU ,MAKE A 'BILL ;LOOK 'GOOD //
HER

Inserting a full syllable rather than a weak syllable does not give the
same result. Thephrase becomes not only longer in segmentals and syllables, it
also becomes longer in total duration. The demohstrative "that" will do for
full-syllable insertion. It gives:

,YOU 'MAKE 'THAT 'BILL 'LOOK 'GOOD //

When a weak syllable is inserted, something in the original phrase is com-
pressed to make room for it. When a full syllable is inserted, this compression
does not occur. What gets compressed when a weak syllable is inserted is the
full syllable to the left of the weak syllable. In these examples, this is the
print word "make ": it is compressed in the fragments: "make the bill, make
'er bill, make a bill"; "make"stands at its normal length in the fragments:
"make bill, make that."

Bolinger is at painaLO point out that compression or its absence is inde-
pendent of I(mmediate) C(onstituent)-cuts. The articles, demonstrative, and
possessives go syntactically with the next item to the right, the print word
"bill": "a bill, the bill, that bill, her bill." As weak (and then
weakened) syllipes, they nonetheless compress the syllable to the left, "make.".
In short, compression is determined phonologically rather than syntactically.

'Compression is obligatory in the sense that failure to compress a full'
syllable in this context tends to give a stage (stereotyped) Scandinavian accent,
and'pronunciation guides intended for Scandinavian learners of English often
explicitly point out this potential stumbling point (e.g., Lewis, 1969:50-51).
Full-syllable compression is obviously.no language universal, dnd this suggests
that it is not even a universal for languages that have. stressed syllables, as
do the Scandinavian.

By way of parenthesis, it is worth noting a possible articulatory explana=
tion for full=syllable compression. .Ladefoged (1962), attempting to correlate
intercostal muscle activity with Stetson's (1951) chest-pulses, noted that cer-
'tain syllable sequences nay be articulated on a single burst of intercosta
activity, even though the usual pairing is one chest-pulse/one syllable.
cites the word "pity" as an example, and the word "doddered" in. his Figure
appears to have been articulated this same way.

e

Zo put is metaphorically, a full syllable in English attempts to include''gn
immediately following weak syllable, include it in thesame production gesture.
There is, perhaps, a parallel with syllable - closing consonants which are also
not in their most natural place at the end of a syllable: Consonants naturally
begin syllables.; In this sense, both syllable-final consonants and included
weak syllables would be unnatural phonological structures, and of course both,
shorten the'segmental substance that precedes "in the same syllable."
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What is the magnitude of compression? Lehiste (1971) has published measure-

ments in phrase-final position, that is, where compression is combined with
phrase-final length adjustments (and those of intonation as well). She compared

pairs such as "stead," a full syllable, with "steady," full-plus-weak. In this

position, with such pairs, the single syllable actually averages out longer in
duration than the Whole compressed sequence. Not all components were equally

compressible. The full vowel is most amenable to compression. Differences be-

tween regular and compressed vowel lengths are somewhat greater than two to one.
The leading consonants are most resilient, though nonetheless affected.' Every
element in the compressed Syllable is compressed to some degree.

Bolinger (1963) maintained that compression is independent of IC-cuts,
independent of the syntax. 'In a British tradition, compression is'treated as a
correlation between the lexicon and the phonology. Abercrombie (1965) has given

an exposition from this point of view. In the R(eceived).P(ronunciation) of British
English, he notes (or perhaps-declares--see Uldall, 1966, 1971) that the spac-
ings between stressed-syllable onsets are "of (approximately) even length": RP

stresses are isochronous. Yet given the roughly constant durations between
stressed onsets, the included segmental meterial may be divided over the avail -
-,able time in different ways. Here he gives the classical contrast:

take Grey to London' vs. take Greater London

In the phrase on the left, Abercrombie stated that the relative lengths of the
syllables "Grey" and "to" are on the order of two to one, whereas in the single
word "greater." the relative Syllable lengths are on the order of one to one.
For a comparable contrast with the segmentals of American English, there is:

the rush and turmoil vs. the Russian' turmoil

full-syllable.compression on the left-hand side of these'contrasting

pairs has been blocked by an immediately following word.boundary. So an effec- -

tivecue for the presence. of this word boundary would be the sequence full plus

weak syllable with an uncompressed full syllable.
41

Abercrombie wanted to relate (what is here called) compression to the lex-

ical-composition of the phrase. Certain structural words (procaitics in the
examples above: "to," "and") are not independent words at all: , they merge

phonologically into their. neighborS. But this way of looking at things as lex-
ically determined, apparently,leads to overlooking yet a third possible way of
distributing the same segmental, material between two stressed onsets, to wit:

with no included phonological word boundary at all.

The contrast of presence versus absence of phonological word boundary be-

tween two stressed onsets is demonstrated by Pike (1945:37, 1967:385). with twp

versions of the.print phrase "a book of stories":

a book of stories vs. a book of stories

Since Pike actually recorded these 'examples when the earlier book appeared,

it is possible to measure his segmental durations. The difference in compres-

sion is as clear to the tape,measure as it is to the ear. The full vowel of

"book" followed by the boundary is about twice as long as the same full vowel

'followed immediately by the weak syllable "of." But the upshot of this is that

171

4
171



the absolute durations between stressed onsets in these two versions of "a book
of stories" are distinctly different. At this level.of detail; at least,
English is not literally isochronous. In fact, a phonological word boundary
gives what Householder (1957) calls "a significant rhythm break," and if that is
so, we would expect the different overall durations we do indeed find.

So a third version of the.Abererombie and American examples is possible,
this time without any included phonological word boundary, and it will be not
only shorter in total duration, but lexically ambiguous as well:

and

take Grey-to London

iteYk'greYtailAridn// =
0

the. rush and turrhoil =

3a'rASn'tvimoY1//
O 0

take Greater London

,tek'greYtailAndn//
0

the* Russian turmoil

= aa'rAfnitzt,moY1//
O 0

I suspect this is the usual Way,of saying these phrases when the print words
"greater", and "Russian" are used, despite the ambiguity.

Now to these versions can be immediately added yet a fourth in which the
weak 'syllable previously included is left out. Over the fragment of interest,
we will now have stressed-plus-stressed, where before we had stressed-plus-
weakened-plus-stressed. Some of these truncations will be nonsense sequences,
but no.matter: ,

take Grey London 41

the rush turmoil

a book. stories

The uncompressed syllables"Gtey;" "rush," "book" followed by phonological-word
boundary here are quite comparable in length to their'other occurrence followed
by phohological=word boundary:

take rey to London

the push arid turmoil

a book of. stories,

A

To put it:anothef way, when compression is blocked by a phonological-word
boundary, the ongoing calculations for segmental durations would be caught up to
that point: there do not seem.to be durational dependencies of this kind run-
ning over thephonological-wOrd boundary.9

9
Phonological-word boUndaries are independent of:lexical word boundaries,

though they frequently coincide. It is to be noted that a phonological-word
boundary may appear.in the middle of a single lexical item, prowided the dtem
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SUMMARY

Pronunciations from a dictionary look-up on a print text are reassembled
into a phonological" string which is-then converted into synthetic speech. The
phonological string is a hierarchical structure.based on segmental phonemes
which are grouped into syllables, phonological words, and phonological phrases
by boundary marks inserted among the segmentals. Full syllables are marked
where they begin; words and phrases, where they end. Weak syllables are taken
to have no inherent boundaries at all. They may be "included" in adjacent full
syllables by effects of compression and neutralization which simultaneously
give the including phonological-word characteristic features of its prominence
silhouette.

REFERENCES

Abercrombie, D. (1965) Syllable quantity and enclitics in English. In
Studies in Phonetics and Linguistics. (London: Oxford University Press),
pp. 26-34.

Berger, M. D. (1955) Vowel distribution and accentual prominence in modern
English. Word 11, 361-376. .

Bolinger, D. L.-71963) Length, vowel, juncture. Linguistics 1, 5-29.
Bolinger, D. L. (1965) Pitch accent and sentence rhythm. In Forms of English.

(Cambridge, Mass.: Harvard University Press), pp. 139-180.
Fry, D. B. (1970) Speech recognition and perception. In New Horizons in

Linguistics, ed. by J. Lyons. (Harmondsworth, England: Penguin),--ppr. 29-

52.

Gimson, A. C. (1964) An Introduction to the Pronunciation of English. (London:

Edward Arnold).

is realized with two stressed syllables. Any multistressable word will lend
itself to this kind of realization and no more so than in ultracareful citation
farm. Thus we have double-stressed versions, with included phonological-word
boundary, of '!sardine" and "absolutely":

'sar 'diYn// 'mbs?,_;luwtly// .

and double-stressed versions without phonological-word boundary:

'sar'diYn// 'mbse'luwt1V/

The most usual versions retain only the last dictionary stress:

,sar'diYn//

(See Pike, 1945:77.)

Berger (1955) notes several examples, particularly from advertisihg and
comic strips,.where this incipient ambiguity among.print words and print phrases
has been exploited: "blip 'n Dale, Etta Kett, K-9 Corps," etc. A phonological-
word boundary is presumably more likely than not to correspond,to a lexical
boundary, just As a consonant is more likely to begin a syllable than is a
vowel., Absolutely, however, the occurrence of a consonant does not establish a

% syllable boundary and the occurrence of a phOnological-word boundary does not
establish lexical boundary. In this sense the phonology is Independent of the
lexicon, though closely related to it.

,mbn'luwtly://

173

173



Hoard, J. E. (1966) Juncture and syllable structure in English. Phonetica 15,
96-109.

Householder, F. W. (1957) Accent, juncture, intonation, and my grandfather's
reader. Word 13, 234-245

Hultzen, L. S. (1961) System status of obscured vowels in English. Language
37, 565-569.

Jones, D. .(1931) The word as a phOnetic entity. Le Maitre Phonetique 34, 60=
65.

Jones, D. (1956) The hyphen as a phonetic sign, Z. Phonetik 9, 99-107.
Kenyon, J. S. (1950) American Pronunciation. (Ann Arbor: George Wahr).
Kingdon, R. (1969) Grammar of Spoken English, ed. by H. E. Palmer and F., G.

Blandford. (Cambridge, England: Heffer), vol.'10.
Ladefoged, P. (1962) Sub-glottal activity during speech. In Proceedings of

the Fourth International Congress of Phonetic Sciences, ed. by A. SovijArvi
and P. Aalto. (The Hague: Mouton), pp. 7.3-91.

Lee, W. R. (1970) Noticing word-boundaries. In Proceedings'of the Sixth
International Congress og Rhonetic Sciences, ed. by B. Hale, M. Romportl,
and P. Janota. (Prague: Academia), pp. 535-538.

Lehiste, I. (1960) An acoustic-phonetic study of internal open juncture.
Phonetica, Suppl. 5.

Lehiste, I. (1971) Temporal Organization of Spoken Language, ed. by L. L.
Hammerich, R. Jacobson, and E. Zwirner. (Copenhagen: Akademisk Forlag),
pp. 159-169.

Lewis, J. W. (1969) Guide to English Pronunciation. (Oslo: Universitets-
forlaget).

Newman, S. S. (1946) On the stress system of English. Word 2, 171-187.
Pike, K. Z. (1945) The Intonation of American English. (Ann Arbor: University

of Michigan Press).
Pike, K. L. (1967) Higher-layered units of.the manifestation mode of the utter-

ance (including the syllable, stress group and juncture). In Language in
Relation to a Unified Theory of the Structure of Human Behavior, 2d ed.

. (The Hague: Mouton), chap. 9, pp, 364-432.
Stetson, R. H. (1951) Motor Phonetics, 2d ed. (Amsterdam: North Holland).
Uldal-1, E. T. (1966) English RP. Le Maitre Phonetique 126, 34.
Uldall, E. T. (1971) Isochronous stress in R.P. In Form and Substance, ed by

L. L. Hammerich, R. Jacobson, and E. Zwirner. (Copenhagen: 'Akademisk
Forlag), pp. 205-210.

Vanderslice, R. and P. Ladefoged, (1972) Binary suprasegmental features and
transformational word-accentuation rules. Language 48, 819-838.

a

174

17 4



Control of Fundamental Frequency, Iritensity, and Register of Phonation*

Thomas Baer, Thomas Gay,
-I-

and Seiji Niimi++

Electromyographic activity of several intrinsic and extrinsic
laryngeal muscles was recorded as untrained singers produced system-
atic changes in fundamental frequency (F0), intensity, and register
of phonation. For one subject, subglottal pressure was recorded
simultaneously. Cricothyroid muscle activity varied most consistent-
ly with FO over most of the range of Fo, although the activity of
several other muscles was also related to Fo. Vocalis muscle activ-

ity varied most consistently with the shift between chest and falset-
to registers. Subglottal pressure varied consistently with changes

in vocal intensity. Activity of the extrinsic°muscles was correlated
with FO at both the high and low extremes of the chest voice range.
For at least one subject, the extrinsic muscles seemed to be solely
responsible for varying Fo at its low extreme. The activity of

muscles not directly associated with the larynx also changed system-
atically with F0 at the high extreme.

Recent electromyographic (EMG) studies of the control of fundamental fre-

quency, intensity, and register of phonation have dealt with the intrinsic laryn-

geal muscles (e.g., Hirano, Ohala, and Vennard, 1969; Hirano, Vennard, and Ohala,
1970; Gay, Hirose, Strome, and Sawashima, 1972) or with the extrinsic muscles
and subglottal pressure (Shipp and McGlone, 1971). Simultaneous recording of in-

trinsic and extrinsic laryngeal muscles anctsubglottal pressure has been reported
for speech intonation (e.g.,Collier, 1975) but not for singing. Thus,* the pur-

pose ofothis study is to reexamine the nature of the control of phonation by the

intrinsic and extrinsic muscles of the larynx and by subgottal pressure.

For this study, four untrained singers produced systematic changes in fun-

damental frequency (F0), intensity, and register of phonation while EMG activity

vas recorded using hooked-wire electrodes (Basmajian and Stecko, 1962; Hirose,

1971). For subject TB, subglottal pressure was also measured, using a cannula

*Paper presented at the 90th meeting of the Acoustical Society of America,

San Francisco, Calif., 3-7 November 1975.
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inserted through the cricothyroid space. Each note was produced on thesylla-
ble /bi/. Each vocal maneuver was repeated 10 to 15 times, and average results
were calculated using the Haskins Laboratories EMG data processing system
(Kewley-Port, 1973). This system computes average activity from several repeti-
tions of an utterance as a function of time offset from a predetermined lineup
point associated with each token.

Figure 1 shows a typical result. The subject produced one-octave arpeggios
starting from a fundamental freqdency in.the middle of his chest-voice range.
The arpeggios were performed at three different intensity levels. Average
activity was calculated for each of these conditions using for lineup point the
onset of voicing for the first (lowest) note (shown on the left-hand side of the
figure) and also using the onset of voicing for the fourth (highest) note (shown
on the right -hand side of the figure).

Average activity of the,cricothyroid (CT) and vocalis (VOC) muscles was
found to vary systematically with fundamental frequency, but not with intensity.
(Activity of the VOC" muscle was sometimes more closely correlated with FO than
is shown in Figure 1). Subglottal pressure varied systematically with intensity
(or vocal effort), but its variation with frequency was smaller and less system-
atic. This close correlation between subglottal pressure and intensity is
qualitatively in agreement with the results of other investigators (e.g.,
Isshiki, 1964). We plan to investigate the"relationship between subglottal
pressure and fundamental frequency in more detail in the future.

Figure 2 shows similar results from subject KK--a female. Two lineup
points have been used, and the results have been superimposed in their overlap
region. Cricothyroid and VOC activity vary systematically w(th fundamental
frequency but not with intensity. Activity of two extrinsic muscles., the thy-
rohyoid (TH) and the sternohyoid (SH), is shown. The pulsatile structure of the
TH plots shows that its activity is related to the segMental gestures for pro-
ducing the syllables. However, the symmetric envelope of activity centered
about the second lineup point shows that its level of activity is also related
to F0. The plots of SH activity show tendencies similar to those,ofthe TH,
though they appear less dramatic in this run. .The TH activity shows some dif-
ferences in activity for the highest intensity condition.

In several runs, EMG activity was recorded from the inferior, constrictor
muscle. The electrodes were directed toward the cricopharyngeal part of the
muscle, and these placements were verified using activity during 'swallowing.
The results were inconsistent across subjects., In Figure 3, the upper plots
show the inferior constrictor data corresponding to the data in Figure 2. The
only increases in. activity are associated with the first note and the last note.
This activity appears to be related to the production of the lowest frequencies,
although it could also be related to maneuvers associated with the beginning and
end of the phrase. These two interpretations could be differentiated by per-
forming descending-ascending rather than ascending-descending arpeggios in the
same range, but such maneuvers were, not performed. The lower plots in Figure 3
show the inferior constrictor activity, corresponding to the 'plots in Figure 1.
Here, inferior constrictor activity increases with both F0 and intensity except
for the high intensity condition, for which there is an increase of activity
associated with the first and last notes. For the other two conditions, there
is a decrease of activity immediately before the onset of the first note, and a
small increase of activity at the end of the phrase. The meaning of these results
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U

is unclear, and must be further investigated with repeated insertions on the
same (and other) subjects and with other vocal maneuvers. .

We reconfirmed the well-known fact that extrinsic scle activity cyntrib-
utelgo the control of FQ at both extremes of a subjeci's.chest-voice range
(e.grlonninen, 1956). Results from the low extreme are shown in Figure 4.
The subject produced an ascending scale at the rate of one note per second
starting at about his lowest note. Average activity of each of four laryngeal
muscles and of subglottal pressure was measured for each note and plotted as a
function of the fundamental frequency of the note in the figure. As the figure
'shows, there was no significant change in CT or VOC activity for the lowest
notes, and subglottal pressure was held fairly constant throughout. However,

there were clearly changes in activity of the two strap muscles--the,sternothy-
roid (ST) all thyrohyoid (TH)--for the lowest notes.' Although we had no reli-
able insertions into muscles other than the ones shown in Figure 4, it seems
reasonable to conclude that the ST and TH, and possibly other extrinsic muscles,
were responsible for producing the lowest fundamental frequencies. This result
is of interest for both singing and speech, since the low extreme of the FO
range for singing overliesothe range of FO commonly used for speech.

.At the high extreme, we e)iamined the control of register for subject TB, who
could reliably produce the same note in either chest-voice or falsetto. The re-.

sults of shifting from falsetto to chest-voice on three different notes are
shown in Figure 5. The subject sang thersyllabke /bi/, first in falsetto and
then in chest-voice. The lineup point for averaging was the onset of the chest-
voice note. The plots on the left-hand side of the figure show the activity of
the CT and.VOC muscles and of subglottal pressure. The plots on the right-hand
side et the figure show activity of the interior constrictor (IC) muscle and one
strap muscle, the TH. In all cases, the activity of the VOC muscle was greater

-in chest-voice than in falsetto. The level of CT activity increased at.the
shift from falsetto -to chest-voice for the 220- and 330-Hz notes, but there
w4s only a very small increase for the 440-Hz note. The TH shows no change of
activity for the lower two notes, but an increase of activity for the shift into

'chest -voice in the highest note. These results are consistent with the notioti.-
that the VOC muscle is most closely associated with the control of register,

awhile the CT and strap muscles produce compensatory activity to regulate funda-
mental frequency. Both subglottal pressure and IC activity consistently in-'
creased during the shift from falsetto to chest-voice. The significance of this
increase is difficult to assess, especially since intensity was not controlled
in these maneuvers. Although .,the results are not shown here, equivalent results
showing a general decrease of activity were obtained when the shift was made,
from chest-voice to falsetto.

Figure 6 shows-a plOt of intrinsic muscle activity at the high extreme' oe
the chest - voice, range for ,subject SN. The sub.Nct produced .ascending scales at
the rate of one note per second, and average aaiv.ity for each tote was platted
as a function of the Fo of the note, as In Figure 4. In addition to the increase
of CT and VOC activity with fundamental frequency, both the lateral cricoaryten-
oid (LCA) and posterior Oricoarytenaid (PCA)-muscles showed some increase of
activity with fundamental frequency., Although we were nbt fortunate in ach4.ev-
ing good PCA insertions* this figure shows at least one example in which there
was a small but.systematic increase in PCA activity at the high FO extreme.
Such a result was reported by Gay et al. .(1972), bul was not evident in the data
of Shipp and McGlone (1971).
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A final point is made in Figure 7. In an otherwise unrelated experiment in
.which insertions were made into several muscles of the tongue and pharynx as
well as the LCA, subject TB produced some systematic fundamental frequency
changes. This figure shows the EMG activity Of several muscles--the lateral
cricoarytenoid (LCA), levator palatini (LEV), styloglossus (SG), inferior

--longitudinal of the tongue (IL), mylohyoid (MH), inferior constrictor of the
pharynx (IC), superior constrictor (Sq, and genioglossus (GG),--during arpeggios'
in the high eXtTeme of.the subject's range. The lineup point is the onset of

'phonation of the highest note. Although the activity of several muscles is
correlated with fundamental frequency, at least some of these (such as the LEV
and the intrinsic tongue muscles) are sufficiently unrelated to the larynx that
they are unlikely, to directly affect F0. Rather, they seem to reflect a general/

increase in muscle activity in the head and neck when "reaching' for the highest
notes. Although this is an extreme example, it might seme:to warn that caution
must be observed in the interprdtation of'EMG results, especially when trying to
impute cause-Land-effect between the action of a specific muscle and a, specific

acousticsresillt.
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The Effect of Delayed Auditory Feedback on Phonation: An Electromyographic

Study*

M. F. Dorman,
+

F. J. Freeman,
++

and G. J. Borden
+.0-

ABSTRACT

Delayed auditory feedback (DAF) alters the temporal pattern of
laryngeal and supralaryngeal muscle'activity. In some instances, the
alterations are manifest simply in terms of prolonged muscle.activ-
ity,,while in other instances, the normal coherent pattern of muscle
contraction is fragmented_by rapid oscillations in muscle activity.
The amplitude of electromyographic activity is also altered-by DAF
but changes in activity vary considerably between muscles and speak--
ers. Thevatterns of EMGjactivity correlated with dxsfluencigs under
DAF appear substantially different from,those patterns found in stut-
tering.

It is Well-known that most normal, speakers who, hear their speech delayed by

about 200 msec become dysfluent (Lee, 1951).. The dysfluencies, sometimes termed
"artificial stutter," are manifest in increadedyocal intensity, prolonged vow -
,els and syllable repetition (Fairbanks, 1955). In&ividdals who stutter, how-'

ever, become more fluent when speaking'linder delayed auditory feedback (DAF)
-

((Neel-ley, 1961). In this paper, which'r, eports a portion of a long-range study
of feedback mechanisms used in the control of speech productipn, we consider
two questionsv**(1) What is the effect of DAF on the laryng441 and supraiaryn-

-. . ,
geal muscle activity of normal speakers? and '(2) How doeS

,,

the disruption of

electromyographic (EMG) activity under DAF compare with the'Aisruption'of EMG.. ;
.

'actiyity -found during stuttering? .
- ,

st
,

. - ,
1 .

*A version of this paper was presented at the 8th International Congress Of
Phonetic Sctences, Leeds, England'; ,17-23 August 1975.'
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With respect to the first question, the most striking effect of DAP is a
change in the timing of motor activity. Figure 1 shows EMG activity from the
genioglossus ,(GG) during three fluent productions of the phrase "the application
of wet mud." Note that the EMG activity precedes each tongue raising event, and
that the EMG Signals for the three repititions of a given gesture evidence
similar patterns of activity. In Contrast, Figure 2 shows GG activity during
the phrase "the application of wet mud," spoken under DAF. The-normal timing-
of motor commands has been disrupted: there are longer delays between the peaks
of EMG activity. Moreover, the patterns of EMG activity.for each repetition of
a given gesture_are_rather dissimilar.

A comparison of Figure 1 and 2 suggests that the amplitude of the'EMG sig-
nal changes under DAF. Muscle activity generally decreases, especially when
the speech is most disrupted, as in the first two repetitions of the utterance.
It, is of interest that the third production of the utterance was the most fluent
and the closest in amplitude to the utterance under normal auditory feedback.

The disruption of the normal temporal pattern of muscle activity under DAF
is correlatedWith two prominent aspects of dysfluency: (1) increased vowel
duration and (2) syllable repetition. Therefore, we turn now specifically to
the EMG correlates of these two phenomena.

,Figure 3 shows the EMG correlates of vowel polongation under 'RAF. The
recordings are fromthe posterioncricoarytenoid (PCA), vocalis (VOC), and
orbicularis oris (00) muscles during the utterance '!wasp sting." Under normal
feedback, the VOC, -acting in concert with other vocal fold adductors to produce
closure for /a/, was active for approximately 200 cosec.: The PCA. was active to
open the folds, for the voiceless /sp/. The PCA activity wos followed 100 msec
later by 00 activity for /p/ closure. Under DAF, the /p/ closure and the vowels
in both "wasp" and,"sting" were-prolonged. The VOC activity mirrored the vowel
prolongation showing--for example, for /a/--100 msec more activity. For the
/p /closure, the00 evidences three peaks of activity over a 200-msec period, in
contrast to the single peak of activity over a 100-mgec period under normal feed-
back: Note. that, the EMG.activitY under-DAF,, for the Y0, did not evidence a

'normal, but simply prolonged, pattern of muscle contraction. Rather, the.pat-

.
tern of.activity Was altered, evidencing rapid oscjilatSOns in muscle contrac-
tion.

.

. .--;.

Let me now turn to an example of syllable iepetlition -underDAF. As shown ,

in Figure 4, Under norMa feedback the superior longitudinal (SL) peaks, fors-
thrs subject,.for the '/1/ in "balmy =' and the /8/ In "weather." Under DAF th'q

utterance was rendered as "balmy weathether."' The SL did not evidence LWo
"normal" coherent'peaks for each repetition of /S /, but rather the muscle activ-
ity was characterized by rapid oscillations. -

We turn now to'the question of the relationship between _the SIG correlates
of dysfluency under DAFkand tha,EMG correlates oc-dysfluencrdur,ing stuttering.
Freeman and bier c011eagiles "(e.g., Freeman et al., 1975) have found generally in-.
creased EMG actiwity, especii.ally for the laryngeal muscles, during stuttering.
Moreamportant, 'perhaps, is that the-normal reciprocity olaryngeal.abductor
and Oductorsvas found to be disrupted.

I#
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-Figure 5: Muscle activity recorded from the tongue (SL), laryngedal adductors
(INT and TA), and the laryngeal abductor (PCA) Auring fluent and
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speakers. Finally, the patterns` of EMG activity correlated with dysliLmacies
under DAF appear. substantially different from those patterns ound-Ei stutterini:

* For example, Figure 5 showy EMG recordings from the abductor of the vocal
folds, the PCA, and the prirpary adductor of ',the vocal foIds, the INT. Normally

when ode is active,.the oth4r is inhibited, but during the stuttering block,
for example, on the /s/ of the word "syllable," both are active simultaneously.
This loss of reciprocity disrUpts normal phonation. eAmplitu differences be- ,

tween the fluent and stuttered utterances are Readily app nt.

Muscle activity, then, for stutterers is generally f higher amplitude durr
ing stuttered than during fluent speech, and there is evidence that the normal
reciprocal relationship of"the abductor and adductor laryngeal muscles is dis4'
rupted during stuttering blocks.

The dysfluencies in the speech of normal speakers under DAF are not like
stuttering in these two. respects. First, under DAF there are, amplitude changes

in the EMG signal, but the direction of change varies for different subjects
and different muscles. For example, Figure 3 indicates an increase in the level
of 7.0C and 00 activity under DAF. In Figure 6, however, the.SL shows a decrease,
the INT shows only minimal changes, and the PCA shows an increase.

The second difference in EINactivity between normal speakers under DAF
and stutterers is that during a stuttering block the disruption Of reciprocity
between abductor-adductor muscles of the larynx prevents or delays normal

,initiation af voicing while for normally fluent individuals speakipg under DAF,
voicing usually starts but is either prolonged or "restarted." Typically, in
dysflueacies caused by DAF, breakdown of reciprocity occurs after the initiation
of voicing. To illustrate, for the fluent production of "weather" shown in
Figure 6, the adductor ciNT) is active through the utterance because al the
segments are voiced. The abducts CA) is suppresied.throughout the a terance.
However, under DAF the abductor fires Wiring the period in which the INT is
still, strongly active.

,

To summatize, the main effect of DAF is ta_allty the temporal pattern,,3f

laryngeal and supralaryngeal_muscitgailifty. In some instances the alterations
are.manifest simply:in tei'ms of prolonged muscle activity,-while in other in,
stances the. normal coherent pattern of muscle contraction is fragmented by
'rapid oscillations in muscle activity. The amplitude of EMG activity is also
altered by DAF but changes in activity vary considerably between muscles and
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Some Aspects of Coarticulation*

Fredericka Bell-Berti. and Katherine S. Harris
++

ABSTRACT

The analyis o the acoustic and'electromyographic experiments
reported here indicates that while there is little vowel-,to-vowel
'anticipatory or carryover coarticulation, carryover coarticulation
is both more commo and tore extensive than coarticula-

tion.

INTRODUCTION

The nature and xtent.of coarticulation are of central interest to theories

of speech productio . Previous work on this problem, for several languages, has
shown that anticipa ory (or right-to-left) effects extend up to three segments,,
while carryover (o left-to-right) effects extend up to two segments. In addi-

tion, there is evi ence that anticipatory effects may be different in cause from
carryover effects (for a summary of these'data; see Daniloff and Hammarberg,
1973).

I,,
More specifically, Itozhevnikov and Chi5tovich (1965) and Daniloff and Moll

(1918) have fou d anticipatory effects to extend over as many as three _phoneme
segments and'ac oss syllable boundaries. These effects have been explained as
the reorganizat on.of motor patterns,for speech segments. Carryover effects, on

the other hand have often been attributed to mechanical inertia or articulator
"sluggishness", (Lind om, 1963; Stevens and House, 1563Ly.enke, 1966;'Stevens,

House, and Pau , 1966; _g,NPilage, 1970), although then effects are now some7
times conside ed to be deliberate reorganization of speech segments in the same
way anticipat on is a deliberate reorganization (MacNeilage. and deClerk, 1969;
Sussman, MacN ilage, and'Hanson, 1973;. UshiSita and Hirose, 1974).

Despite he central position of coarticulation rules in a general theory, of
_speech produc ion, there are very few descriptive data on the relative magnitude
of anticipatory and carryover coarticulation effects at apy level. The two ex-

.0eriments presented in this paper provide some of those data. They are extreme-

ly similar in the form of the utterances examined. For, technical reasons, there

*A version,of this paper was presented at the 8th International Congre
Phonetic Sciences, Leeds, England, 17-23eAugust 1275. .

+
Also Montclair State College, Upper Montclair, lip. J.

Also The Graduate School and University Center, City University of New York.
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ar small differences in the format used in the two experiments. HoWever, as
will become apparent, the results for a general theory of coarticulation po it
in the same direction.,

TiE ACOUSTIC EXPERIMENT,

In the acoustic experiment, the utterance set contained 18 three-syllable
nonsense words, consisting of a stressed consonant-vowel-consonant (CVC) preced-.
ed by [pa] and followed,by-[ap]. The Vowel in the stressed syllable was either

' /i/, /a/, or /u/, and the consonants were /p /, /t4 or /k/. All combinations of
consonants and vowels were used: except the symmetric ones; for example:
/papikap/, gpatupap/, and /pakatap/. The utterances were spoken within a
cariier phrase, ."Say now," at a conversational rate of speech.

ti

Acoustic recordings were obtained, from one speaker of American English, of
18-repetitions of each of the 18 utterance types.

.0
The audio signal was sampled through the Haskins Laboratories pulse-code-

jimodulation (PCM) and Spectrum-Analyzing Systems, the former for editing, the
',Flatter for generating spectrum data. 'Afte ftware filtering (and threshold-

. ing), hard copies of computer-generated ;.ectro ams were obtained and formant
measurements made off-line.

Since se ond-formant (F2) positio is extremely ensitive to back-to-front
tongue positi n and lip- rounding -that is, front cavity length--F2 measurements
were made at seven points -in each repe ition of each utterance type., Averages
of 15-18 measurements for each sample oint were obtained. spectro-
grams of F2

.

were generated from these averages. .

The measurement points were

. . .

1. One point in al (this syllablewas 80 weakly articulated that no
further measures could 'be made ,for all utterances);. ,. '..

2: The beginning, middle; and, end points of the stressed vowel;

J., The 4ainning, middle, and end points of a2.

No attempt was.made to account fOr durational variation, since the sample
time represented by each data point in the spectrogram is 12.8 msec; hence, the
time scale is too crudefor detailed measurements.

. . .

RESULTS OF THE ACOUSTIC:EXPERIMENT

The results of this' experiment are summarized in Figures 1 and
Figure 1 shows the 18 utterances plotted. with thfirst consonant held constant;
Figure'2 shows the same d4ta with thessecond consonant held constant. 1x

Figure 1 the left-hand panel reprsents the averaged F2 values fot utterances
whose stressed vowel is preceded by /p/,,the middle panel represents the aver-
aged F2 values for utterances whose stressed vowel is preceded by /t/, and the
right-hand panel represents the averaged F2 values for utterances who'se stressed
vowel is preceded by.A/. Within each panel, the firstschwa'is represented by
the single points, at the left; the, stressed vowel in the middle, identified as

V' op the abscissa,; the second schwa on the right. Second-formant points for '
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the vowels are marked with circles and c6ngecti).d with dashed line- for utter-
ances whose stressed vowel is /i/,--trlangTes and dotted lines f. utterances

whose stressed vowel is /a/, squares aild solid lines for utter nces whose
stressed vowel is /u/.

We can examine the relative magnitudes of anticipato
* by looking at the effects of,the stressed vowel on the

vowels. One-,step effects are seen iri:Voth directions:
affected by the following consonant, while, the secon
preceding consonant. However, when we turn to the
find that,the initial schwa is not affected by 0
'averages for al are not separated as a function
vowel. However, the same stressed vowel does
schwa.

In Figure 2 the left-hand panel repr
utterances whote stressed vowel is follo
the averaged F2 values for utterances
and the right-hand panel represents t
stressed vowel-is, followed by /kt
is represented by the single point
identified as V' on the abscissa'
points for the vowels are conne
stressed 'vowel is /i/, dotted
and,.solid lines for utteranc

and carryove effects

itial and termin 1 schwa
the initial schwa is

sCh-Ti-it affected the

owel-to-vowel effect we

following vowel: the F2
f the. following, stresse

ange the value of the following

entp the averaged F2 values for
ed by /p/; the middlp,paoel repres,it

ose stressed vowel_li follired by /tt;

e averaged F2 values for utterances whose
gain, withip each panel,"the first schwa

at the left; the stresvd vowel in the middle,

the second schwa on the right. Second-formant

ted with dashed lines for utterances whose
Ines for utterances whose stressed,voWel is ia/,

s whose stressed vowel is /u/.

'Looking at the seco schwa, we find that the second formant is higher,

throughou its duration when it follows than when it follows /u/ and /a/,

tegardle of the place.of articulation of the intervening consonant.

In general, t
anticip tory effe
at the articula

n, at the acoustic level; carryover effects are larger than

s. It is this asymmetry'of,effect that Must be,accounted for 0
ry level. -, ,

THE ELECTROMYOGRAPHIC (EMG) EXPERIMENT
,

he. ticulatory level we have chosen to examine for

vowel to owel interaction is the EMG signal. We obtained
genio!.ssui muscles pf three speakers of American English
muscl' the major muscle mass of the tongue, acts to bilria-

and s most active for high front vowels.

manifestations of
'recordings from the

. The genioglossus
and raise the tongue,

In this experiment there were 24 VCV utterances in which the two vowels
ere all possible combinations of /i, u, grand were alwayt different; the

stress was systematically varied between the first and second vowels; the medial

consonant was either /p/ or /k/..1 Additionally, all utterances were preceded by

[op] an&followed by [pa], resulting in utterances of the type/aplpupei and

/apuk a/.
.

The data were tabulated by inspecting minimal pairs in which either the
first or the second vowel,was held constant, and assigning the pairs to the cat-

egories: "no difference," "small difference," and "large differencevin EMG
activity corresponding to the constant vowel targets of each pair (Figure 2).
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KSH

pv400

No
Difference

GENIOGLOSSUS

-500

pv400

Small,
Difference

,

-500

pv400

Large
Difference

500 risec

500msec

apipupa

apipapa

pampa

apupipa

Po

apapupa

a pip

-500 0 . 1500msec

Figured: Examples of genioglosstsEMGdata,evalteated as having no difference, a
small difference, or a large differente in target vowel activity as a
function of quality changes in the noStarget vowel, The'top sectiOn

gives data for anticipatory coarticulation when'the target vowel/is in

4.he first nonneutral syllable and Ole middle and bottom sections, for
carryover coarticulation when the target vowel is in the .secoild non-

neutral syllable.
4
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Both magnitude and timing differences were considered in assigning the contrast
pair to one of the categories.

Anticipation was looked for in pairs in which the first vowel was constant;
carryover was looked for in pairs in which the second vowel was constant. The

number of events in each category was divided by the total'number of Comparisons
to determine the percentage of casep in each of the three categorie§ for both
anticipatory and carryover coarticulatory effects.'

4.
There was no difference in EMG activity for 75 percent of the anticipatory

coarticulation pairs and a small 'difference ii 25 Vercent_of_the anticipatory
coarticulation pairs (Figure 4). There were no cases in which .a large differ-

ence in EMG activity was observed in the anticipatory coarticulation pairs. On

the other hand, there, was no difference in EMG activity for only 25 percent of
the carryover coarticullation pairs, a small difference, in 45 percent Of the
carryover coarticulation pairs, and a large difference in 30 percent of the

/carryover coarticulation pairs.
it

VOWEL-TO-VbWEL COARTICULATION

loo

75
cts a.)

w
( _J

(j) (I) g
C

C0 w
'

M41..)
Q.
E 2
O

h 7/ CARRY()

None Small -Large

EMG Differences

, \,
..

,

Figure 4: Histogram of ptoportioh of EMG activity magnitude differences for
anticipatory and carryoVer coarticulation. \\

-
\

I

In other words, there was no vowel-to-vowel anticipatory coarticulation in
75.percent of the anticipatory pairs and there were no large differences in the
anticipatory pairs, while there were large differences in 30 petcent of"th
carryover,,pairs. The results differ somewhat from the BM data reported by Gay

7 ,(1975), which may be accounted-fo,by differences in syllable makeup and the
rate of speech.
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CONCLUSION

Our acoustic and EMG results are in agreement with Gay's (1974) cinefluoro-
. :graphic examination of a very similar corpus, which showed either no voWel-to-

oNgZecoartisulation in either direction, or some carryover coarticulation.
''Tlfes4 data all support the view that carryover coarticulation is both more common
and more extensive than anticipatory.coarticulation and is also a reorganization'
of the motor command.
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The Function of Strap Muscles in Speech*

Donna Erickson and James E. Atkinson
++

ABSTRACT

Association of tricot road activity with high or rising funda-
mental frequency (F0) and st ap activity with`low or falling F0 in
speech has been confirmed by umerous electromyographiC (EMG) expert -
ments. The purpose of this st dy'is to ascertain whether the role of
the strap muscles in lowering F0-is analogous to that of the crico4-..
thyroid in raising F0.' An EMG investigation of the sternohyoid an
cricothyroid muscles was performed with speakers of English and Thai.
It was found that there were indeed peaks of strap activity during'
low F0'and peaks of cricothyroidactivity during high F0. Houtevec,

examination of the tinting of muscle activity with respect to F0 re-
vealed that the cricothyroid differs from the strap muscles in that
the cricothyroid begins to increase in activity prior to the onset of
the F0 rise, whereas the increase of strap muscle activity begins
after the onset of the F0 fall.

. .

It is rather well -known that the cricothyroid muscle is the laryngeal muscle
primarily responsible forraising the fundamental frequency (F0) in speech.
There is less agreement as to which laryngeal muscle or muscles is responSible-
for lowering F0 in s eech. Several electromyographic (EMG) studies with speech '

P4P
have reported an a

1
qociaon pf strap muscle activity, particularly the sterno-

hyoid, with low 0, and these studies suggest that the sternohyoid is an active
mechanism for lowering E0. Other studies have shown that there isit_decrease of
cricothyroid activity associatedbwith low r0 and have suggested t4t the crico-
thyrOid is a passive mechanism for lowering E0. ,

In this paper we examine more carefully the roles of the sternohyoid and the
. cricothyroid in lowering

a native speaker of Thai
utterances examined were

% which varied according to
syllable was preceded y

F0. Electromyographic exptriments were carried out with
andN native speaker of American English. For Thai the
the falling tones on three different syllable types,
vowel and initial cofisonant: buu/. ftch,

a one-syllable carrier phrase. Figure 1 shows typical

.1

*PapAr presented at the 90th meeting
San Francisco, Calif., 3-7 November

+
Also University of Con etticut, S

-H- ,

.
_Naval Underwater,Systems Center,/ New London, Conn.

4

f the Acoustical Society of Ante,

975.

orrs.
f,

ica, .41

[HASKINS LABORATORIES: Statue Report on Speech Research .SR -45/46 (1976)]
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results for the Thai falling tone. It can be seen that there is a decrease in
cricothyroid activity and an increase in sternohyoid activity associated with
the falling F0. .

4

pv
CT400
SH100

-400 0

as built

FiduRE 1

1

=MO MINIM OMEN.

CT
SH

800msec

Figure 2 shows the utterances examined for English- -the falling contours
occurred on the stressed words in the sentences "Bev loves Bob" and "Bev/ loves

b'Bob:" Both English and Thai utteran4e types were chosen from a larger body of
data because the onset Of'the F0 al s was easily discernible. At least 16

=tokens of each utterance type were averaged for English and Thai. speakers.
Hooked-wire electrodes were used, and the data ware processed using the Haskins
Laboratories computerized EMG processing system (Hirose, Gay, and Shome, 1971;.
Kewley-Port, 1973).

=- Jn'analyzing the data, we looked at yhe timing of the activity of the
sternohyoid aid cridothyroid muscles in /relation to the Fofails. Specifically,
as shown in Figure 3, we measured the time 'at which the cricothyroid activity
began, to decrease, and the time at which the sternohyo4d activity began., to in-
crease, both relative to the time at whfoh' ,the F0 began to fall.
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Schematic presentation of Cricothyroid and Sternohyoid .

.octivity in relation to fo fall.

FIGURE 3

*

The results for all tokens are shown in Figure 4. The zero reference point
indicates the time at which the F0 begins to fall. It is very important to
notice that for both the English and Thai speaker the cricothyroid activity be-
gins to decrease 'prior to the F0 fall, whereas the 'sternohyoid does nqf begin
to increase until after the F0 fall has begun. -

Returning'now to our4basic question of whether either, neither, or both of
these muscles can be responsible for the F0 fall, it is clear from the above
that the cricothyroid begins to decrease.before the F0 fall. It appears, there-
fore, that the'cricothyroid can initiate the F0 fall by passive relaxation. The
sternohyoid, on-the other hand,does not begin tofincrease in activity until
after the fall in F0. Thus it seems that the sternohyoid does not initlate'the
F0-falls that we have investigated, although it is clear that the sternohyoid is
involved in some way with lOw Foe

, We feel that we must be careful in interpreting these results not to over-
geheralize by.implying th'at the sternohyoid can never initiate falls in F0.
The data in this study are extremely restricted: limited to sharp falls in
English in utterance nonfinal position and falling tones in Thai. In both cases
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the F0 falls were fr6m a high to low value. We are expanding the data base to
look at what happens when the F0 falls from a mid.to low value. In fact, recent_

examination of the fi:al fall in the mid tone utterances by the Thai speake4(in
this paper suggests that there may indeed be instances in which the sternohyoid
beging to peak prior to the fall in Fo.' This has led us to speculate about'a

modal shift' theory 6i F0 lowering. That is, the Thai data suggest that the
speaking range can be divided into high, mid, and low voice range, and that an F0
drop from the high to mid range might be accomplistieLX relaxing the cricothy-
roid, whereas a drOp from mid to low range involves an increase in sternohyoid
activity. This notion will be elaborated in future work.

The mechanism of sternohyoid action in lowering F0 is not clear. We are

still investigating this, as well as other related questions about the' strap
muscles in speech: Specifically, how do pitch falls interact w1th jaw opening;'
how does F0 interact with vowel and consonant effects; and hOW do other strap
muscles (such as sternothyroid and thyrohyoid) interact with the sternohyoid and
each other in these speech activities?
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Laryngeal Muscle Activity in Stuttering*

Frances J. Freeman
+

and Tatsujiro Ushijima

ABSTRACT

Laryngeal muscle activity during fluent and stuttered utterances
was investigated using multichannel !electromyography. Analysis re-

vealed that stuttering was accompanied by high levels of laryngeal
muscle activity and disruption of the normal reciprodity between
abductor and adductor:forces. The results demonstrate the existence
of alaryngeal component in stuttering and show a strong correlation
between abnormal laryngeal muscle activity and perceived moments of
stuttering.

INTRODUCTION

For almost a century and a half writers have proposed models of the stut-
tering block that Incorporate an important, perhaps critical, laryngeal compo-
nent (Arnott, 1828; Miller, 1833; Hunt, 1861;'Kenyon, 1943; Moravek and Langova,

1967; Wyke, 197.1; and Schwartz, 1974). Recently, an increasing number of

studies have indirectly implicated the phonatory mechanism in stuttering
(Stromstra, 1965;Wingate, 1969, 1970; Adams and Reis, 1971, 1974; Agnello,
1971; Brenner, Perkins, and Soderberg, 1972).

*Two versions of this paper were presented in 1975: "Incoordination and Tension

in Stuttering: Further Results of Multichannel Electromyographic Experiments,"

by F. J. Freeman, G. J. Borden, M. Dorman, S. Niimi, and T. Ushijima, presented

at the 50th annual convention of the American Speech and Hearing Association,

Washington,' D.C., 21-24 November; and "Dysfluency and Phonation: An Electro-

myographic Investigation of LaryngealActivity Accompanying the Moment of

Stuttering," by.f.'J. Freeman, T. Ushijima, M: ,F. Dorman, ''and G. J. Borden,'

presented at the 8th international Congress of'Phonetic Sciences, Leeds,

England, 17 -23 August. This article is to appear in The 5ournal of Speech and

Hearing Research.,

+Also City University of NewYork and Adelphi University, Garden City, N. Y.

Also Unfveieity of Tokyo, Japan
. .

%.
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Direct idence of laryngeal involvement in stuttering has emerged fromj
five physiological studies. Chevrie-Muller (1563) used the glottal graph to
study 27 stutterers and repOrted abnormal laryngeal activity that'indluded
arhythmid vocal-fold vibrations and unpredictable glottal openings. Fujl.ta

(1966) took posterior-anterior laryngeal X rays of a stuttereeand found abnormal
activity that included irregular and inconsistent opening and closing Of the
pharyngo-laryngeal cavity and asymmetric tight clo'sure of the glottis,
Ushijima, Kamiyamanirose,-and Niimi (1965); Conture, Brewer, and Nepali,
(1974); and Freeman, Dorman, Ushijima, and Niimi (1975) u fibapptic endo-
scope to view the larynx during stuttering and repo ed ab rmal actin ty similar
to that described by Chevrie-Muller and Fujita. ontur al. (1974 reported
that the abnormal laryngeal activity they served was su tive of 4, 4istur-

banceAin the smooth, recjprocal interplay b tween agonist d antagonist laryn-
geal muscles. . ,

1

. The present research used multichannel electromyography (EMG) to investi-
gate physiological events that Occur in conjunction with moments of stuttering.
Its primary aim was to describe the laryngeal muscle activity Shat accompanies
stuttering.

t

;

The Emp tathniques used have been-developed in a/series of experiments in-
vestigating normal laryngeal msucle activity in phonation and speech (Faaborg-
Anderson, 1957; Hirano and Ohala, 1969; Hirano, Ohala, and Vennard, 1970; Hirose,
1971; Shipp and McGlone, 1971; Gay, Strome, Hirose, and Sawashima, 1972;.Hirose
and Gaci',.,1972, 1973). Theiexperimental procedures were chtscribedsby Hkose
(1971)- while data collection and processing were discussed by Port (197and

9.,

W
, 'A

-METHOD

Kewley -Port (1973, 1974).

Subjects o cr

-

The subjects for the experiments were
of

edult maleS:,"D%M., P.N.,G.G.;
and C.D. They were selected both because of their willingness to undergothe
procedures, required for the experiments and because they were anatomically suit- ra

able'for laryngeal electromyography. The subjects used,were the first fpu.
Suitable individuals located. Subjects G.G. and C.D. were considered mild to
moderate stutterers, while D.N. .and P.N. were considered severe. gThey ranged i
age from 22 to 47. All had begun to stutter in childhood and each had received
some form of therapy.

6

Procedure

4in each case the objective was to secure simultne us recordings ,from the
five intrinsic laryngeal muscles (cricothyroid, CT; pose erior cricoarytenoij,
PCA; interarytehoid, INT; thyroarytenoid, TA; and later 1 cricoarytenoid, LCA)
and at least three of the upper tract articulator muscle (inferior longitudinal,
IL; superior longitudinal, SL; genioglossus, GG;and orb cularis oris, 00). Re-
cordings from an extrinsic laryngeal strap muscle, the st raohyoid (SH), were
taken for subject G.G.,

- .\

With one exception (00 for subject G.G.),hooked-wire electrodes(Basmajian
and Stecko, 1962) were used. Detailed descriptions of Pad insertion are given
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in Hirose (1971) and Freeman (1975). After each insertion, the electrode-bear-
ing needle was withdrawn leaving the electrodes hooked into the target muscle.

The correct placement of ad electrode in aspecified muscle was verified in
a two-step procedure. First, after each insertion, oscilloscope and amplifier-
speaker systems were used for monitoring muscle activity during performance of
a series of specified gestures and maneuvers. If the patterns of activity from
the insertion site differed from the patterns known to be typical for the target
muscle, the electrodes were removed and a new insertion'was made for that muscle.
Second, recordings were made as the subject performed the critical maneuvers.

.Using the recordings, final verification was based-on examination of the simul-
taneous activity patterns from each insertion site. Table 1 lists the critical
test maneuvers used, and presents a profile of the activity patterns against
which each laryn eal insertion was verified. If an insertion could not be veri-
fied ccording t these. criteria, the recordings from that site were excluded
from t e body of data. In cases where spatial proximity makes contamination
from a jacent muscles possible, verification was based on demonstrable function-
al dif erentiation between the two muscles in question. - As indicated by Table I.,'

functional differentiation is possible between any pair of laryngeal muscles
except the LCA and the TA. For these two muscles the patterns are very similar,
differing only in degree (level of 'activity) for some maneuvers.

in addition to the insertion verification procedures, other possible
sources of error were considered. Calibration signals of 300 uV, recorded at
intervals during the experiments, were,compared.to verify reliability of record-
ing and playbaCk equipment. The raw EMG 'tracings were examined visually for
(1) abrupt changes in the level of rec6rding from any given muscle and (2) the
presence of movement artifacts. Table 2 summarizes the insertions attemptedvd-
reports the success rate in achieving verifiable quality recordings from each
muscle for each subject.

The design of the study required that comparable fluent and stuttered
tokens be obtained from each subject. Since stuttering is a behavior known to
be highly variable, the experimental procedures were necessarily flegbile.

For.subjects P.N., G.G., and D.M. an adequate number of stuttered tokens
were obtained by having them read a selected prose passage. Fluent samples were
secured by repeated readings (adaptation) and by use of selected fluency-evoking
conditions including choral reading, rhythm reading, whispering, reading under
white noise masking, and reading under delayed auditory. eedback (DAF) (Wingate,
1969, 1970).

t

Subject C.D. did n have audible blocks while reading the experimental:
passage. ThereYore, he engaged in conversation, making frequent use of feared
'"difficult" words. In the choral reading condition, the experimenter and
read a list of sentence transcribed from their spontaneous conversation. The
recordings. made under the other fluency-evoking conditions consisted of spontan-
eous conversation and repetitions,of sentences in which blocks had previously
occurred.

RESULTS

The patterns of successful insertion (Table 2) and the procedures used,in
eliciting fluent and stuttered speech samples yielded resutts that,were not

2 :i. 1
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TABLE 1: Summary of activities used i

tent for laryngeal muscle insertions.

ts

\FSOLE
PCA
INT
LCA
TA
CT

'SH

4

verification ot, electrode plac

'4.1 0
' CO 4-I .

1-1 0.
01 (0 0

01 r-I 01 U)

0 0 0 C.) ' .-
"..1 0 U W 00V .1-1 0 00 0

o 00 .,-I .i.i 00 0 r1
71-1 0 . 0 0 0 00 0 .1-1 ih
11 77-1 4 0 , 0 0 71-1 0 ri0 'IA 0 I '0 0.) CIS

$4 0 4 4.7 4 1:1 0 0. P
vi v-i iJ W ta. o 01 0W WW0>IUM3 M0 3P4PWWWW
I-1 cn pa a. P., .4 ca In x 4 [h a 1.

S ch activities

+x -# -*
x +x + + + -H-

- +x + + + -1-1-

- +x + + +x -1-1-

- - - -x -+x +--x -
* *x **x +x

[p a] [b a] [? a]
*-

*-1-1-

-1-1-

-1-1-

+ -` -
+ +
- +

+

+
+
+

- +

+ indicates 'relatively higher levels of
- indicates relatively lower levels of
x indicates a particularly characteris
1/ indicates that the maneuver calls f
* indicates thatat the upper extre
activity may occur

** indicates thataCtivity occurs
the subject's singing range

tivity
tivity or suppression

is pattern of activity
r suppression followed by activity
s of the subject's singing range

only at the upper and lower extremes of

TABLE 2: 'Verified insertions for each subject'and for each muscle over the
series of experiments.

SUBJECT Laryngeal muscles . Upper tract articulators TOTALS*
Laryn- Upper Combined
geals tracts ;.PCA INT LCA TA CT SH IL SL GG 00

D.M, X X X. X X X X
.P . N . X_' X X X X
G. G . X X X X X X X
C.D. X X X '

t
X X

TOTALS 2 3 3 4 '1 1 1 3 2 4

3 4 7

3 2' 5
5 2 7

2 5

10 , 24

3

14

*The Haskins Laboratories multichannel EMG recording. and processing system pro-
vided fOr simultaneous processing of recordings from 8 channels. ball cases
8 insertions were attempted. For this series.of experiments, 32 insertions
were attempted, and of these 24 resulted in successful, verifiable recordings.
Two PCA insertions and one INT insertion were impossible because of the sub-
jects' anatomy and gag reflexeS; one GG, one LCA, and three CT recordings were
rejected becalthe (1) they could not be 'verified, or (2) they did not result in
good quality recordings, or (3) they exhibited evidence Ofmovement,artifacts.
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parallel for all four subjects. For -two subjects (C.D. and D.M.) recordings
, were obtained for the glottal abductor (PCA) and for glottal aspuctors. It was

possible with these two subjects to study the coordination of the reciprocal
activity of the antagonist forces in fluent and stuttered utterances.,

With subject C.D., both PCA and INT recordings were obtained for 49 utter-
ances of the setae consonant-vowel (CV) sequence allowing a correlation study of
abductor-addikor reciprocity,in fluent and stuttered utterances.

For,3,the three subjects (D.I4 G.G., and P.N..) who stuttered on the oral
4(

readings of the experimental passage-, it was possible to compare the averaged.
levels of muscle activity for selected sentences. in the stuttered and fluent
readings. For C.D. (whe did not stutter while reading), the average of the peak
values for stuttered and fluent utterances of the same word were compared.
These procedures yielded information on two aspects of muscle activity in stut-'
tering: coordination' and levels of muscle activity.

Findings Related to Levels of Muscle Ativity

In the tracings of the "raw" (unrectified) EMG signal, strength of muscle
activity is represeqted both by the.amplitude and frequency of the spikes.
Figures 1-3 present examples of raw EMG recordings for D.M., P.N., and G.G. The
lower graph in each illustration shows the activity recorded from these same
-muscles under one of the fluency-evoking conditions. The bottomiline in each
graph.is an oscillographic tracing of the output'of the subject's microphone. A
phonetic transcription is placed below 'each graph. In each case the subject was
reading the same portion of the experimental passage. Visual inspection or the

"raw" EMG data indicates that the laryngeal muscles Maintained higher levels of
activity during the first (stuttered) reading than during the evoked (fluent)

e( reading.

The differences observed in the "raw" tracings Were, of course, apparent in
the processed (rectified) EMG. Figure 4 shows recordings from four muscles for
subject P.N. . The graphs on the left of the illustration traced the course Of
the EMG activity for these muscles during a stuttered utterance oT wore
"causes," which occurred in the first (stuttered) reading. The fluent utterance
is from his reading under white noise masking. The,"raw" EMG for these utter-
ances is shown in Figure 2. Figure 5 shows the activity of a single muscle, the
LCA, for three utterances of the word "effect." Subject D.M...repeated ,the word

three times, with progressive adaptation f1om a severe block to a mild block, to
a, fluent utterance. The reduction of activity in theACA correlated with the
reduction in degree of dysfluency.

In order to-quantify these,; differences levelA_of muscle activity,,
selected speech samples (ednSistifte in each case of,readings of the first.para-,
graph of the experimental passage) were divided into segments of 2 -sec duration.
The average level of activity in. microvolts was calculated for each muscle for
each 2-sec-segment. The mean 'values for the 2-sec segments constituting one
speech,sampleyere then averaged together, yielding a single mean value for each

' muscle for each,speech
.

-. each speech sample, utterance content* was held constant, but the total
length.of'the:Sampie (number of 2-Sec'segments) varied with utterance rate. For

.each _subject,.' the first (stuttered), reading. was compared with each of the
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t

readings under the fluency-evoking conditions. Figure 6 illustrates the differ-
ences derived from this comparison, by converting the microvolt values to per-
centages, using the mean'level of tie first reading as a reference.

Differences in levels of activity evideAt in these comparisons are directly
related to the two effects of the fluency-evoking conditions on the production

, of the 'subjects. In each case, the fluency-evoking conditions resulted in (1) a '
decrease in the frequency of dysfluencies (measured as percentage of syllablel
stuttered) and (2) an increase in utterance rate (measured as syllables per
second). Figure 7 graphically illustrates these findings for the three sub-
jects. These results, which relate decrease in dysfluencies to increase in
rate, are in ,agreementwith a number of other studies of evoked fluency (Adams
and Hutchinson, 1974; Conture, 1974). However, the two types of change in the
utterance would generate contradictory hypotheses relating to changes in levels
of muscle activity. That is, taken alone (without concomitant changes in utter-
ance rat-), a marked decrease in stuttering would be anticipated to accompany a
'decrees in average level of muscle activity. On the other hand, increases in
utter ce rate will be accompanied by an increase in average level of muscle
acti ty for two reasons. First, an increase in syllables per second results in
an ncrease in the number of speech gestures per.second, and hence an increase
i the average level of muscle activity per 2-sec segment. Second, an increase

rate results in a higher velocity of articulator movement, which requires a
igher level of muscle activity (Bigland and Lippold, 1954; Gay and Hirose,

'1973; Kuehn, 1973). Clearly, two opposite and potentially canceling effects
were operative simultaneously.

In order -to neutralize the effects of the increases in utterance rate:" the

syllables in each 2-sec segment were counted, and the average level of muscle
activity in each segment was divided by the number of syllables uttered in that
segment. The resulting means were.used to calculate an average level per sylla-
ble for each muscle for each speech sample. Results for this calculation are
illustrated graphically in Figure 8

4

'Figure 9 summarizes the results relating to decreases:in _activity. The

broken line labeled 100 perCent indicates the reference /level of the- rst

(stuttered) reading, while the vertically striated bars are the average o

all the upper tract articulator muscles for all the fluency-evoking conditions.
The horizontally striated bars are the average of all the laryngeal muscles for

all conditions.
1

The data collected on subject C.D.'s 49 utterances of the word "syllable"
and "syllables" were used to learn whether the peak levels of mdscleactivity
were different for fluent and stuttered utterances. In each utterance, the time

'period between the initial muscle activity for theproduction of the voiceless
fricative [s] (indicated by activity in the superior longitudinal for railing
the tongue tip end activity in the PCA for opening the glottis) and the point in
the acoustic tract that indicated the onset of voicing for the vowel [I] was

identified. Within this time period, tht highest peak of activity was identi-
fiedfOr each muscle. The level (in microvolts) for this peak of activity was

computed for each muscle for each utterance. The experimenter, after listening

to audio recordings, identified 23 utterances as stuttered and 26 as fluent
The peak values fpr the utterances judged stuttered were averaged for each
muscle and the results compared with similarly derived averages from the utter-

ances judged fluent. Results are graphically illustrated in Figure 10, where
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the average peak value for the stuttered utterances serves as the reference and
the average peak value for the fluent utterances is expressed as a percent.
Differences for four of the five muscles were found to be significant at the
-001 level of confidence.

indings Related to Coordination

The study of disruption-of coordination in stuttered speech is restricted
to some extent by our imprecise knowledge, of many aspects of coordination in
normal speech. On one point, however, studieS of normal laryngeal articulations
have provided relatively clear and consistent findings. These studies indicate

that the abductor and adductor forces in the larynx normally act with reciproc-
ity. When the glottal, abductor (the PCA) its strongly active, the adductors
(INT, TA, and LCA) are suppressed., and conversely, when the adductors are
strongly active, the abductor is suppressed. Since redordingd from the abductor

were secured for two of the four subjects, it was possible to investigate the

reciprocal activity of the antagonist muscles.

Figure 11 shows recordings from three muscles for subject D.M. The graph

on the left-hand side is from &stuttered utterance of the word, "less," while

the graph on the right-hand side is from a fluent utterance, of the same word.

The boxes at the top of the graph contain phonetic symbolsithd represent

the relative rength of each segment as measured in:oscillographic tracings. The

lineup, or 0 point, on each graph represents the en&of voicing for the vowel.
In the bottom graph, the peaks of activity for the SL relate to tongue tip
raising for the [1] and the [s]. During the prolongation of the [1] sound, the

PCA (glottal abductor) and the TA (a glottal adductor) were both active. During

the fluent utterance these two muscles showed reciprocal activity.

Figure 12 shows three utterances of the word "ancient," with pipgressive
adaptation from a strong block to a mild bloCk to a fluent utteranpd. During

the prolongation of the [e]'in the strong block, the PCA (glottal abductor) and

the TA and the LCA (glottal adductors) were all active. During the fluent

utterance the antagonist muscles acted reciprocally.

Figure 13 shows recordings from four muscles for subject C.D. for con-
trasting stuttered and fluent utterances of the word "syllable." The lineUp

point for both utterances was on the onset of voicing for the first vowel. In

the top graph, the peaks of activity in the SL were related to tongue tip

raising. During the stuttered prolongation of the initial voiceless fricative,
the PCA (glottal abductor) and the INT (glottal adductor) were both active.
During the fluent utterance the antagonist forces acted reciprocally.

(

The,fiist syllable,of the;(*d "syllable" has phonetiC content suitable for
a correlation study of. PCA-INT activity. During the first, segmeljt_ of the sylla-

ble, the PCA vas active and the INT was suppressed for theproduction of the

voiceless fricative. The INT was then active while the PCA was suppressed for '

the production of the vowel. This pattern is shown In the fluent utterance of

'Figure 13. If the normal activity of these antagonist muscles were to be corre-

lated over time, a negative correlation should result. And, indeed, the plot-

ting of such a correlation for the fluent utterance in Figure 13 yielded an r

of -.83. Conversely,the plottlpg of the correlation between the INT and the
PCA for thestuttered utterancelin Figure 13 yielded an r of +.80.
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Figure 13: Comparison of muscle activity--superiOr longitudinal (SL),
posterior cricoarytenoid (PCA)., ihterarytenoid (INT), and thyro-
arytenoid (TA)--fpr subject CiD.113 stuttered and fluent utter-
ances of the word "syllable."
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The program (E$MGCORI) (Kewley-Port, 1973) used for these calculations
plotted and correlated points at 5 -cosec intervals. Correlations were plotted

for the time period between the first activity of the SL and PCA for the [s] and
the onset of voicing for the vowel [x]. Coefficients of correlation were calcu-

lated for 49 utterances, of the words "syllable" and "syllables." As previously

discussed, the experimenter had judged 23 of these utterances to be stuttered'
and 26 to be fluent.

Of the 23 utterances judged stuttered, 20 yielded positive correlations and
'3 yielded negative correlations; while of the 26 utterances judged fluent, 19
yielded negative correlations and 7 yielded positive correlations. These find-

ings are graphically illustrated in Figure 14.

In Figure 14, the 23 stuttered utterances are shown on the top half of the
graph; while the 26 fluent utterances are shown on,the lower half. All positive

correlations are shown to the right of center, and negative correlation's to the

4ral

left. There i ignificant positive correlation between abductot and adductor
activity for the s uttered utterances (2. < .01, sign test); there,is a signifi-
cant negative correlation between abductor and adductor activity for the fluent
utterances (R. < .05, sign test).

CONCLUSIONS.

The results of the present study generate and support the following state-
ments:

1. A laryngeal component of stuttering clearly exists.

2. Abnormal laryngeal muscle activity accompanied stuttering in all
four subjects examined:

3. Two aspects of abnormal laryngeal muscle activity in stuttering
are (a) high levels of muscle activity and (b) disruption of
abductor-adductor reciprocity.

4. The cooccurrence of the three phenomena--(a) high levels of laryn-
geal muscle activity, (b)" disruptekabductor-adductor reciOroCity,
and (c) perceived stuttering blocks--t-would support the hypOtheais
that the three are intimately related.

DISCUSSION

Generali4ation of Findings
. .

The EMG results derived from four subjects take on additional significance
when viewed in relation to the other physiological studies of laryngeal function-
ing in stuttering (Chevrie-Muller, 1963; Fujita, 1966; Ushijima et.al., 1965;
Conture, Brewer, and McCall, 1974). The picture emerging from these experiments
(which were conducted independently, used a variety of instrumentations, and
studied stutterers of three races who spoke three different languages) is con -
sistent and supports the view that laryngeal involvement in stuttering is hot-
an idiosyncratic phenomenon (Freeman, 1975).
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In most cases, the present study has-verified hypotheses'of researchers who
used indirect approaches for studying phonation in stuttering. Adams and Reis

(1971, 1974), Adams and Hayden (1974),Adams, Riemenschneider, Metz, and Conture >
(1974),, and Agnello (174), allpredicted the initiation-of-phonation problem,
demonstrated by subject C.D. and correlated with disrupted abductor-adductor
reciprocity. If these investigators are correct An their interpretation, then
they are observing indirectly in their subjects the same types of abnormal

,muscle activity studied direct1 in the present research.

'Comments on Levels of Muscle Activit

The data relating to differences in levels of muscle activity may be inter-
preted.in tliti ways, dep ding on the hypothesis espoused by the discussant.
Both viewpoints are w thy of consideration.

The first hyp hesis assumes that a moment of stuttering is accompanied by
higher levels of scle activity. It also assumes that the higher average lev-

els found for p.:sages in which stuttering moments occur are the result of
averaging the, igh peak levels for the blocks.with the normal base levels accom-

panying the c.nstuttered speech. Certainly the results of the ,present research

support th- first contention of this hypothesis, namely, the stuttered Utterance
of a word is accompanied by levels of laryngeal muscle activity higher than
those a ompanying.the fluent utterance of the same word (Figures 4, 5, 10, 11,

12, 13/. However,.if the raw EMG data (exemplified in Figures 1-3) is inspected
clos y,it becomes apparent that phrases within the stuttered readings in which
no dentifiable blocks occur are accompanied by levels of muscle activity that
a higher than those accompanying the utterance of the same phrase in the
luent reading. Within the frame of this hypothesis, the higher levels accom-
panying the words on which there is no identifiable blocking can be explained in
one of two says: (1) by expanding time constraints on the moment of stuttering
to include events that precede or follow the identifiable block, or (2) by
assuming that in addition to the identified blocks, the stutterer is also ex-

. periencing.a number of moments of stuttering, or minimal blocks, that are not

recognized by the listener.

The second hypothesis assumesthat the stutterer in specific communicative
environments habitually attempts to phonate while maintaining higher thannormal
levels of laryngeal muscle activity. The high levels are viewed as being coun-
terproductive in fluent utterance of sequential speech segments; and it is
assumed that if the levels exceed some critical value, they-will lead to a
breakdown in fluency, that is, a moment of perceived stuttering. 'The,data
demonstrating lower levels of activity for the readings under the fluency-evok-
ing conditions can be interpreted as supporting this hypothesis. The finding of

higher levels for phrases that, occur in the stuttered reading, but do not in-
clude identifiable blocks, would also support this line of reasoning.

Differentiation between the two hypotheses is.difficult because both would
predict similar patterns ofcorrelation between levels of laryngeal muscle
activity and occurrence of moments of stuttering. Both would predict,that the
highest levels of activity would coincide with identifiable blocks; both would
predict increases in levels of activity during they time periods preceding iden-
tifiable blocks; and both would predict'lower levels of'activity during periods

of fluency. The generally elevated baseline of activity during fluent utterance
between blocks;'which would be predicted by the second hypothesis, might be
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testable if it were possible to define the temporal parameters of a given
"moment of stuttering." However, if a "moment of stuttering" is viewed as in-
cluding events that precede or follow the identifiable block by unspecified time
periods, it becomes difficult or impossible to define the beginning or the end
of a given "moment of stuttering." Although investigations of the temporal re-
lationShip,between identifiable blocks and levels of laryngeal muscle activity
are being conducted, no experimental method for testing the differential valid-

. ity of these two hypotheses has yet been deyiied. On the other. hand, it also

important to note that the two hypotheses are neither incompatible nor mut ly
exclusive.

Comments on Disrupted Reciprocity

As described by Sherrington (1909), "reciprocal inhibition" facilities
coordinated movement by agonist muscles through relaxation of antagonist musir
Iles. As demonstrated by Travill and Basmajian (1961), the antagonist in a
muscle pair usually relaxes completely while the agonist isattive. Studies of
normal subjects, and indeed, recordings of the induced fluency readings of the
stuttering subjects, show highly consistent reciprocity, ,between the abductor .

(PCA) and the adductor group, particularly the INT. It is possible that whis-
pered speech ma'y'be produced by simultaneous contraction of the PCA and some
adductor muscles;1 but for normal phonation the effects of abductor-adductor
cocontraction are clearly counterproductive. From the data collected on D.M.
and C.D., strong cocontraction of the laryngeal antagonists appears incompatible
with normal phonation. In many instances, cocontraction occurred during a
silent period just prior to an utterance. When cocontractiop occurred during
sound production, audible disruptions accompanied the event. For both subjects,
the termination of cocontraction was almost invariably followed (50 to 150 msec)
by a fluent sounding utterance. -

Normal, fluent utterance of a CV syllable pquires a specific change of
laryngeal muscle tension pattern (this is true even if the consonant is voiced),
and a specific change in glottal state (glottal constriction,is different for
consonants and vowels) within constrained time limits. Interpretation of the
EMG evidence suggests that the effect of cocontraction was to prevent, delay,,
or inhibit the normal transition from the consonant into the vowel.
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IUAPPENDIX

DDC (Defense Documentation Center) and ERIC (Educational Resoarces Information
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